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 KmHiB@TBt2H +QMiBMmmK +K2`
7Q`  `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 b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HH- r2 b?Qr i?i r2 +M BMi`Q/m+2
i?2 +QM+2Ti Q7 +Q``2H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H BMiQ bT2+i`Qb+QTv rBi? i?2 6JGP K2i?Q/
#v Ki?KiB+H 2tT`2bbBQMb U+?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H T`Q+2bbBM;- #v bBKmH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M 6JS b?QmH/ #2 rB/2` i?M i?2 HBM2 6q>J
BB
rB/i?X q2 HbQ /2KQMbi`i2 i?i i?2 Q#iBM2/ bT2+i`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Hm2b b HQr2` HBKBi #2+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i2/ +QKTQM2Mi `2KQp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b 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i2/ MQBb2 `2KQp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i2/ MQBb2 `2KQp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iBQM 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kXj aB/2#M/ b2T`iBQM rBi? `2p2`b2@/2KQ/mH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kX8XR aT2+i`H K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T KFBM; X X X X X X X X X X X X X X X X X X X X X X X X X jR
j AKTH2K2MiiBQM jj
jXR JBMBKmK `2[mBbBi2b X X X X X X X X X X X X X X X X X X X X X X X X X X jj
jXk LQ#2vK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H S`Q+2bbBM; 9y
9XR P#b2`piBQM 2[miBQMb X X X X X X X X X X X X X X X X X X X X X X X X 9j
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9Xk :BM +Q``2+iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X 99
9Xj AMi2MbBiv +HB#`iBQM X X X X X X X X X X X X X X X X X X X X X X X X X 9e
9X9 *Q``2Hi2/ +QKTQM2Mi `2KQp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9X9Xk 1JS*, J@bi2T X X X X X X X X X X X X X X X X X X X X X X X 8R
9X9Xj *?QQbBM; r2B;?ib 7Q` 1JS* X X X X X X X X X X X X X X X X 8k
9X9X9 *?QQbBM; QTiBKH MmK#2` Q7 T`BM+BTH +QKTQM2Mib X X X X 8j
9X8 1M/@iQ@2M/ TBT2HBM2 H;Q`Bi?K X X X X X X X X X X X X X X X X X X X X 88
9X8XR JQ/2HBM; iKQbT?2`B+ HBM2 2KBbbBQM X X X X X X X X X X X X X 88
9X8Xk JQ/2HBM; bi`QMQKB+H HBM2 2KBbbBQM X X X X X X X X X X X X 83
9X8Xj hBK2@+?mMF T`Q+2bb X X X X X X X X X X X X X X X X X X X X X 8N
9X8X9 SBT2HBM2 H;Q`Bi?K X X X X X X X X X X X X X X X X X X X X X X 8N
8 PM@bBi2 o2`B7B+iBQM e8
8XR P#b2`piBQMb X X X X X X X X X X X X X X X X X X X X X X X X X X X X X ee
8XRXR 6`2[m2M+v KQ/mHiBQM Tii2`Mb X X X X X X X X X X X X X X X ee
8XRXk P#b2`piBQMb Q7 LQ#2vK 98 K X X X X X X X X X X X X X X ed
8XRXj P#b2`piBQMb Q7 ah1 Ry K X X X X X X X X X X X X X X X X X e3
8Xk avbi2K p2`B}+iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X dy
8XkXR 6`2[m2M+v Tm`Biv X X X X X X X X X X X X X X X X X X X X X X X dy
8XkXk hBK2 bvM+?`QMBxiBQM X X X X X X X X X X X X X X X X X X X X dR
8Xj 1M/@iQ@2M/ /i `2/m+iBQM X X X X X X X X X X X X X X X X X X X X X X dj
8XjXR :BM +Q``2+iBQM X X X X X X X X X X X X X X X X X X X X X X X X d9
8XjXk *Q``2Hi2/ +QKTQM2Mi `2KQpH X X X X X X X X X X X X X X X dd
8XjXj +?B2p2/ Q#b2`piBQM 2{+B2M+v X X X X X X X X X X X X X X X 3y
8XjX9 PTiBKH 7`2[m2M+v KQ/mHiBQM Tii2`M X X X X X X X X X X X 38
e a+B2M+2 .2KQMbi`iBQM N8
eXR aT2+i`H HBM2 Q#b2`piBQMb X X X X X X X X X X X X X X X X X X X X X X NN
eXRXR LQ#2vK 98 K X X X X X X X X X X X X X X X X X X X X X X X Ryy
eXRXk ah1 Ry K X X X X X X X X X X X X X X X X X X X X X X X X X X RyR
eXk JTTBM; Q#b2`piBQMb X X X X X X X X X X X X X X X X X X X X X X X X Ry9
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eXkXR LQ#2vK 98 K X X X X X X X X X X X X X X X X X X X X X X X Rye
d .Bb+mbbBQM RRd
dXR /pMi;2b M/ HBKBiiBQMb Q7 i?2 6JGP K2i?Q/ X X X X X X X X X RRd
dXRXR AM@bBim 2biBKiBQM Q7 P66@TQBMi X X X X X X X X X X X X X X X RRd
dXRXk TTHB+iBQM 7Q` H`;2 KTTBM; Q#b2`piBQMb X X X X X X X X RR3
dXRXj *QMiBMmmK M/ #`Q/2` HBM2 Q#b2`piBQMb X X X X X X X X X RRN
dXk *QKTmiiBQM +Qbi Q7 bB;MH T`Q+2bbBM; X X X X X X X X X X X X X X X Rkk
dXj 6mim`2 T`QbT2+ib Q7 bB;MH T`Q+2bbBM; X X X X X X X X X X X X X X X X Rkj
dXjXR :BM +Q``2+iBQM X X X X X X X X X X X X X X X X X X X X X X X X Rkj
dXjXk *Q``2Hi2/ +QKTQM2Mi `2KQpH X X X X X X X X X X X X X X X Rk9
dXjXj JQ/2HBM; iKQbT?2`B+ HBM2 2KBbbBQM X X X X X X X X X X X X X Rk8
dXjX9 TTHB+iBQM 7Q` Qi?2` BMbi`mK2Mib X X X X X X X X X X X X X X Rk8
3 *QM+HmbBQMb Rk3
TT2M/Bt  amTTH2K2Mi`v 6B;m`2b RjR
TT2M/Bt " amTTH2K2Mi`v 1[miBQMb R9e
TT2M/Bt * 6J6HQr ė .i MHvbBb S+F;2 R93
*XR *m``2Mi biimb Q7 6J6HQr X X X X X X X X X X X X X X X X X X X X X X R93
*Xk >Qr iQ Q#iBM M/ mb2 X X X X X X X X X X X X X X X X X X X X X X X X R9N
*Xj hvTB+H Svi?QM b+`BTi 7Q` `2/m+iBQM X X X X X X X X X X X X X X X X X R9N
TT2M/Bt . S?QiQb R8k
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GBbiBM; Q7 };m`2b
RXR "HQ+F /B;`K Q7  ?2i2`Q/vM2 `2+2Bp2` U7`QMi2M/V M/  /B;BiH
bT2+i`QK2i2` U#+F2M/V 7Q`  i2H2b+QT2 r?Qb2 Q#b2`pBM; 7`2[m2M+v
Q7 " 100 :>x X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9
RXk a+?2KiB+ /B;`K Q7 bB/2#M/b BM  ?2i2`Q/vM2 `2+2Bp2` X X X X X d
RXj "HQ+F /B;`K Q7  ka" KBt2` iF2M 7`QK LFB 2i HX UkyyNV UrBi?
bQK2 KQ/B}+iBQM #v mi?Q`V X X X X X X X X X X X X X X X X X X X X 3
RX9 a+?2KiB+ /B;`K Q7 irQ brBi+?BM; Q#b2`pBM; K2i?Q/b X X X X X RR
RX8 a+?2KiB+ /B;`K Q7 i?2 +QM+2Ti Q7 +Q``2Hi2/ MQBb2b Qp2`  KmHiB@
TBt2H +K2` X X X X X X X X X X X X X X X X X X X X X X X X X X X X X R8
RXe M 2tKTH2 Q7 +Q``2Hi2/ MQBb2 `2KQpH BM 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i?2 /22T2bi TT`2+BiBQM iQ uQB+?B hKm`- i?2 T`BM+BTH BMp2biB;iQ` Q7 i?2 6JGPX
>2 `2HHv FMQrb i?2 BKTQ`iM+2 Q7 bim/vBM; #Qi? b+B2M+2 M/ /2p2HQTK2Mi- M/
?b HQib Q7 B/2b #Qmi i?2KX A ?p2 H2`M2/ HQib Q7 biiBbiB+H MHvb2b Q7 iBK2@
b2`B2b /i 7`QK ?BKX >2 ;2M2`QmbHv b?`2/  H`;2 KQmMi Q7 iBK2 iQ /Bb+mbb
p`BQmb Bbbm2b `2Hi2/ iQ i?2 bB;MH T`Q+2bbBM; K2i?Q/b BM i?Bb i?2bBbX
A rQmH/ T`iB+mH`Hv HBF2 iQ i?MF i?2 K2K#2`b Q7 EQ?MQ H#Q`iQ`v BM i?2
lMBp2`bBiv Q7 hQFvQ, "mMvQ >ibmF/2- hibmv hF2FQb?B- >B/2FB lK2?i- um`B
LBb?BKm`- hQ qM;- hFmK AxmKB- umFB uK;m+?B- _vQ M/Q- hbmvQb?B
Ab?B/- umB uKb?Bi- *?2M@62M; G22- umFB uQb?BKm`- a?Qi`Q EBFm+?B?`-
a2BDB 6mDBKQiQ- a?mM Ab?BB- _vm JFBv- aQ? AF`b?B- E2Mi amxmFBX A rQmH/ HBF2
iQ i?MF i?2 K2K#2`b Q7 i?2 AMbiBimi2 Q7 bi`QMQKv- i?2 lMBp2`bBiv Q7 hQFvQ,
ExmK JBibm/- JbFB uK;m+?B- Jb?BiQ l+?BvK- CBM CBM;X A HbQ
rQmH/ HBF2 iQ i?MF Kv +HbbKi2b BM i?2 JBiF +KTmb, umi EiQ- JBMDm G22-
Jb7mb PMQm2- umiF >B`B- >`mF "#- hbm;m`m _vmX h?2v Hrvb ;p2
K2 7`mBi7mH +QKK2Mib 7`QK pB2r TQBMib Q7 i?2B` rB/2 M/ p`BQmb b+B2MiB}+ }2H/b
BM i?2 H#Q`iQ`v K22iBM;b- i?2 BMbiBimi2Ƕb +Qz22 iBK2- M/ /BHv +KTmb HB72X A
rQmH/ HBF2 iQ i?MF i?2 K2K#2`b Q7 bi`QMQKv G#Q`iQ`v BM L;Qv lMBp2`bBiv,
EQvQ amxmFB- umFB l`i- h2ibmi`Q l2/- umv a?BK/X .Bb+mbbBM; rBi? i?2K
rb BMi2`2biBM; M/ HbQ i?2B` HQ+H ;mB/2 `QmM/ i?2 mMBp2`bBiv rb ;`2i ?2HT7mH
iQ K2 r?2M A pBbBiB2/ i?2 H#Q`iQ`vX
A ?p2 `2+2Bp2/ ;2M2`Qmb bmTTQ`i 7`QK LQ#2vK M/ ah1 bizb r?2M
tBp
r2 ?p2 BKTH2K2Mi2/ i?2 6JGP bvbi2K QMiQ i?2 LQ#2vK 98 K M/ ah1
Ry K, h2ibm?B`Q JBMKB/MB- CmM J2Fr- a?B;2`m hF?b?B- uQb?BQ hiKB@
iMB- hF2b?B PFm/- a?BMǶB+?B`Q bvKX qBi?Qmi i?2B` ;mB/M+2 M/ T2`bBbi2Mi
?2HT- i?Bb rQ`F rQmH/ MQi ?p2 #22M TQbbB#H2X A `2HHv TT`2+Bi2 i?2 6JGP +QH@
H#Q`iQ`b, L`BQ EmMQ- PbKm >Q`B;QK2- hF2b?B aFBX A HbQ rQmH/ HBF2 iQ
TT`2+Bi2 i?2 `272`22b Q7 i?Bb i?2bBb, a2BB+?B aFKQiQ- _vQ?2B Er#2- a2BDB E@
K2MQ- hFb?B JBvi- M/ a?B`Q AF2/X /pB+2b M/ +QKK2Mib ;Bp2M #v i?2K
?p2 #22M  ;`2i ?2HT iQ BKT`Qp2 i?Bb rQ`FX A rQmH/ HBF2 iQ Qz2` Kv bT2+BH
i?MFb iQ i?2 .1a>AJ i2K, FB` 1M/Q- E2MǶB+?B E`ibm- hB Pb?BK- *?BM
EmB- hQK "FtX h?2v ;p2 K2 HQib Q7 +QKK2Mib QM bB;MH T`Q+2bbBM; K2i?Q/b
Q7 i?2 6JGP M/ Kv biv BM *?BH2 rBi? i?2K #27Q`2 bm#KBiiBM; i?2 i?2bBb rb
`2HHv 7`mBi7mH 7Q` K2X
6BMHHv Kv ?2`i72Hi TT`2+BiBQM ;Q2b iQ Kv 7KBHv M/ Kv rB72 r?Q ?p2
bmTTQ`i2/ K2 HH i?2 iBK2X
tp
"2miB7mH Bb #2ii2` i?M m;HvX
1tTHB+Bi Bb #2ii2` i?M BKTHB+BiX
6`QK i?2 w2M Q7 Svi?QM- #v hBK S2i2`b
1
AMi`Q/m+iBQM
RXR aT2+i`Q+QTv BM Ubm#@VKBHHBK2i2` bi`QMQKv
RXRXR a+B2MiB7B+ Qp2`pB2r
_2p2HBM; ?Qr ;HtB2b `2 7Q`K2/ M/ 2pQHp2/ Qp2` i?2 +QbKB+ ?BbiQ`v Bb QM2 Q7
i?2 KQbi BKTQ`iMi Bbbm2b BM KQ/2`M bi`QMQKvX Ai Bb HbQ 2bb2MiBH iQ BMp2biB;i2
?Qr Mm+H2` +iBpBiB2b BM 2ti` ;HtB2b bm+? b +iBp2 ;H+iB+ Mm+H2B U:LbV M/
bi`#m`bi Ua"bV z2+i QMiQ ?Qbi ;HtB2b BM i2`Kb Q7 ;Htv 2pQHmiBQM i p`BQmb
;2b Q7 i?2 mMBp2`b2X JBHHBK2i2` M/ bm#KBHHBK2i2` rp2H2M;i?b ?p2 M mMB[m2
M/ BKTQ`iMi `QH2 BM i?2 Q#b2`piBQM Q7 +QH/ BMi2`bi2HH` K2/BmK UAaJV- r?B+? Bb
i?2 `2b2`pQB` Q7 7m2H 7Q` :L b r2HH b i?2 bBi2 Q7 bi` 7Q`KiBQM, 6Q` 2tKTH2-
p`BQmb FBM/b Q7 2KBbbBQM 7`QK /Bz2`2Mi T?vbB+H T`Q+2bb2b `2Hi2/ iQ AaJ `2 pBH@
#H2 i i?i rp2H2M;i? bm+? b i?2`KH 2KBbbBQM 7`QK /mbi- bvM+?`Qi`QM 2KBbbBQM
7`QK ?B;? 2M2`;v 2H2+i`QMb U+QMiBMmmK 2KBbbBQMV- M/ `QiiBQMH M/ pB#`iBQMH
i`MbBiBQM Q7 KQH2+mH2b M/ `2+QK#BMiBQM Q7 iQKb UbT2+i`H HBM2 2KBbbBQMVX am+?
2KBbbBQM Bb  mMB[m2 /B;MQbiB+ iQQH 7Q` T?vbB+H M/fQ` +?2KB+H +QM/BiBQMb Q7
AaJ M/ bm``QmM/BM; 2MpB`QMK2Mi #2+mb2 /Bz2`2Mi 2MpB`QMK2Mi ?b /Bz2`2Mi
T?vbB+H M/fQ` +?2KB+H BKT+i QMiQ AaJX AMp2biB;iBM; KQH2+mH` Q` iQKB+
R
;b +QKTQbBiBQM BM AaJ i Ubm#@VKBHHBK2i2` rp2H2M;i? Bb i?2`27Q`2 2bb2MiBH 7Q`
/2`BpBM; BM7Q`KiBQM QM r?i /`Bp2b ;Htv 2pQHmiBQMX "2bB/2b Ubm#@VKBHHBK2i2`
rp2H2M;i?b `2 bmBi#H2 iQ BMp2biB;i2 bi` 7Q`KiBQM +iBpBiv Q#b+m`2/ #v /mbiX
PTiB+H M/ BM7``2/ Q#b2`piBQMb +MMQi /2i2+i bm+? +iBpBiv T`QT2`Hv #2+mb2 Q7
H`;2 2tiBM+iBQM #v /mbi i i?i rp2H2M;i?bX
_2+2Mi `2K`F#H2 T`Q;`2bb Q7 `/BQ Q#b2`piBQM i2+?MB[m2b ?b #22M `2p2H@
BM; ;Htv 2pQHmiBQM i Ubm#@VKBHHBK2i2` rp2H2M;i?- BM T`iB+mH`- i?2 }M/BM; Q7
bm#KBHHBK2i2` ;HtB2b UaJ:bc "HBM 2i HX UkyykVV r?B+? `2 ;b@`B+? bi` 7Q`KBM;
;HtB2b TQr2`2/ #v ?B;? bi` 7Q`KiBQM `i2 Q7 ∼ 103M⊙/yr HQ+i2/ i z = 2− 3-
i?2 KQbi BMi2Mb2 T2F Q7 bi` 7Q`KiBQM ?BbiQ`v Q7 i?2 lMBp2`b2X h?2 MmK#2`
Q7 aJ:b 2p2` 7QmM/ ?b #22M /`biB+HHv BM+`2b2/ #v rB/2 }2H/ /22T bm`p2vb
mbBM; +QMiBMmmK KmHiB@TBt2H +K2`, 6Q` 2tKTH2- KQ`2 i?M Ryyy aJ:b r2`2
/2i2+i2/ BM  bm`p2v mbBM;  R99@TBt2H #QHQK2i2` +K2`- xh1* Ua+Qii 2i HX-
kyRkV- KQmMi2/ QM i?2 ah1 Ry KX aT2+i`Qb+QTB+ Q#b2`piBQMb Q7 KQH2+mH` Q`
iQKB+ HBM2 2KBbbBQM Q7 bm+? aJ:b `2 i?2M M2+2bb`v iQ FMQr #Qi? /BbiM+2b
UbT2+i`Qb+QTB+ `2/b?B7iV M/ bi` 7Q`KiBQM `i2b- #mi i?2v `2 BM ;2M2`H /B{+mHi
iQ /2i2+i #2+mb2 bm+? 2KBbbBQM HBM2b `2 #`Q/2` Ub2p2`H ?mM/`2/ FKfb 6q>JV
M/ p2`v 7BMi UT2F ~mt /2MbBiv Q7 ! 10 KCvV UAQMQ 2i HX- kyRkVX _2+2Mi BMi2`72`@
QK2i`B+ Q#b2`piBQMb rBi? GJ ?b #22M /2i2+iBM; bm+? HBM2 rBi? mMT`2+2/2Mi2/
b2MbBiBpBiv U2X;X- oB2B` 2i HX UkyRjVVX PM i?2 Qi?2` ?M/- 2p2M GJ rQmH/ iF2
?m;2 iBK2 iQ +QM/m+i Q#b2`piBQMb Q7 #HBM/ `2/b?B7i b2`+?» iQr`/b i?2 2MQKQmb
MmK#2` Q7 aJ:b iQ /2i2`KBM2 i?2B` `2/b?B7i- r?B+? Bb MQi Hrvb M 2z2+iBp2 rvX
LQr Bi Bb BKTQ`iMi iQ Q#b2`p2 i?2K rBi? H`;2 bBM;H2 /Bb? i2H2b+QT2b, A7 M 2{+B2Mi
M/ ?B;? b2MbBiBpBiv bT2+i`Qb+QTB+ Q#b2`piBQM Bb pBH#H2 rBi? bm+? i2H2b+QT2b- r2
+M +QMbi`m+i  H`;2 +iHQ;m2 Q7 aJ:b rBi? FMQrM bT2+i`Qb+QTB+ `2/b?B7ib #2@
7Q`2 GJ Q#b2`piBQMbX M 2{+B2Mi bT2+i`Qb+QTv BM bBM;H2 /Bb? i2H2b+QT2b Bb HbQ
BKTQ`iMi BM GJ Bib2H7 #2+mb2 GJ mb2b 7Qm` bBM;H2 /Bb? Mi2MM U* hQ@
iH SQr2` ``vV 7Q` i?2 BKT`Qp2K2Mi Q7 }/2HBiv Q7 BMi2`72`QK2i`B+ BK;2bX Ai Bb
i?2`27Q`2 QM2 Q7 i?2 Bbbm2b BM Ubm#@VKBHHBK2i2` bi`QMQKv iQ Qz2` 2{+B2Mi M/ b2M@
bBiBp2 bT2+i`Qb+QTB+ Q#b2`piBQMb BM H`;2 bBM;H2 /Bb? i2H2b+QT2b M/ /2p2HQT bm+?
»Bi `2[mB`2b b2p2`H Q#b2`piBQMb iQr`/ M Q#D2+i rBi? +?M;BM; Q#b2`pBM; 7`2[m2M+B2b iQ
b2`+?  HBM2 mMiBH Bi Bb /2i2+i2/
k
i2+?MB[m2bX
RXRXk AMbi`mK2Mib Q7 ?2i2`Q/vM2 `2+2Bp2`
>2`2 r2 #`B2~v `2pB2r i?2 BMbi`mK2Mib M/ Q#b2`#BM; K2i?Q/b Q7 bT2+i`Qb+QTv BM
Ubm#@VKBHHBK2i2` bBM;H2 /Bb? i2H2b+QT2X q2 ?2`27i2` 2tT`2bb BMi2MbBiv- Iν UBM mMBib
Q7 q K−2 >x−1 b`−1V- b i2KT2`im`2 #2+mb2 _vH2B;?@C2Mb TT`QtBKiBQM Q7
 #H+F #Q/v Bb `2HBx2/ i Ubm#@VKBHHBK2i2` rp2H2M;i?X :Bp2M  rp2H2M;i? Q`
7`2[m2M+v- 2tT`2bbBQM Q7 BMi2MbBiv BM i2KT2`im`2- Tb- Bb b 7QHHQrb,
Tb ≡ λ
2
2kB
Iν =
c2
2kBν2
Iν URXRV
r?2`2 kB Bb "QHixKMM +QMbiMi- c Bb bT22/ Q7 HB;?i BM p+mmKX
 Ubm#@VKBHHBK2i2` Q#b2`piBQM 7`QK M bi`QMQKB+H i`;2i Bb iQ K2bm`2 M
BMi2MbBiv Q7 2H2+i`QK;M2iB+ rp2- M/  `QH2 Q7  `2+2Bp2` mb2/ 7Q` bm+? Q#b2`piBQM
Bb iQ +QMp2`i p2`v 7BMi bi`QMQKB+H bB;MH i ?B;? 7`2[m2M+v iQ `2;mH` 2H2+i`B+
bB;MH i HQr2` 7`2[m2+v U2bv iQ ?M/H2VX 6B`bi Q7 HH- i?2`2 `2 `Qm;?Hv irQ
i2+?MB[m2b pBH#H2 7Q` Ubm#@VKBHHBKi2` BMbi`mK2Mib,
*Q?2`2Mi `2+2Bp2`b _2+2Bp2`b r?B+? mb2 #Qi? KTHBi/2 M/ T?b2 BM7Q`KiBQM
Q7 2H2+i`QK;M2iB+ rp2 U+Tim`BM; Bi b ǳrp2ǴVX  ivTB+H QM2 Bb ?2i2`Q@
/vM2 `2+2Bp2`X am+? ivT2b Q7 `2+2Bp2`b `2 bmBi#H2 7Q` bT2+i`Qb+QTB+ Q#b2`@
piBQM #2+mb2 Bi +?B2p2b ?B;? 7`2[m2M+v `2bQHmiBQM #v ?2i2`Q/vMBM;, Bi
KBt2b bi`QMQKB+H bB;MH i `/BQ 7`2[m2M+v U_6V M/ `iB}+BH `272`2M+2
bB;MH ;2M2`i2/ 7`QK  HQ+H Qb+BHHiQ` UGPV iQ Q#iBM /QrM+QMp2`i bB;MH
i BMi2`K2/Bi2 7`2[m2M+v UA6V r?B+? Bb pBH#H2 b M BMTmi 7Q`  /B;BiH
bT2+i`QK2i2`X AM Qi?2` rQ`/b- ?2i2`Q/vM2 `2+2Bp2`b +QMp2`i _6 7`2[m2M+v
BMiQ HQr2` A6 QM2 rBi?Qmi HQbBM; KTHBim/2 M/ T?b2 BM7Q`KiBQMX
AM+Q?2`2Mi `2+2Bp2`b _2+2Bp2`b r?B+? mb2 QMHv KTHBi/2 BM7Q`KiBQM Q7 2H2+i`Q@
K;M2iB+ rp2 U+Tim`BM; Bi b T?QiQM Q` i?2`KH 2M2`;vVX  ivTB+H QM2 Bb
#QHQK2i2`X Hi?Qm;? ?B;? 7`2[m2M+v `2bQHmiBQM 7Q` bT2+i`Qb+QTv Bb /B{+mHi
iQ #2 +?B2p2/- bm+? ivT2b Q7 `2+2Bp2`b `2 bmBi#H2 7Q` +QMiBMmmK rp2 Q#@
b2`piBQM #2+mb2 Bi +?B2p2b rB/2` Q#b2`p2/ #M/ rB/i? M/ HQr2` `2+2Bp2`
j
～antenna
feed horn coupler mixer LNA
1st local 
oscillator
digital 
spectrometer
frontend backend
～ ～
6B;m`2 RXR, "HQ+F /B;`K Q7  ?2i2`Q/vM2 `2+2Bp2` U7`QMi2M/V M/  /B;BiH bT2+i`QK2i2` U#+F2M/V
7Q`  i2H2b+QT2 r?Qb2 Q#b2`pBM; 7`2[m2M+v Q7 " 100 :>xX
MQBb2, q?BH2  ?2i2`Q/vM2 `2+2Bp2` ?b mTT2` HBKBi Q7 Q#b2`+2/ #M/ rB/i?
#v A6 #M/ rB/i? M/ HQr2` HBKBi Q7 `2+2Bp2` MQBb2 i2KT2`im`2 /m2 iQ [mM@
iK MQBb2 Q7 hν/kB-  #QHQK2i2` ?b MQ bm+? HBKBibX "2bB/2 Bi Bb `2HiBp2Hv
2bv iQ BKTH2K2Mi KmHiB@TBt2H #QHQK2i2` ǳ+K2`Ǵ Ui?2 MmK#2` Q7 TBt2H Bb
#Qmi 102 − 104V #2+mb2 i?2 bi`m+im`2 Q7 `2+2Bp2` Bb bBKTH2 +QKT`2/ iQ
?2i2`Q/vM2 `2+2Bp2`bX
q2 i?2M bmKK`Bx2 i?2 BMbi`mK2Mib mb2/ 7Q` Ubm#@VKBHHBK2i2` ?2i2`Q/vM2 bT2+@
i`Qb+QTB+ Q#b2`piBQMb Q7  bBM;H2 /Bb? i2H2b+QT2X "2+mb2 i?2 BMi2MbBiv Q7 bm+?
i`;2i Bb p2`v r2F BM ;2M2`H U< 10−23 q >x−1 2p2M 7i2` +QHH2+iBM; #v M M@
i2MMV-  bi`i2;v Q7 M bi`QMQKB+H Q#b2`piBQM i Ubm#@VKBHHBK2i2` rp2H2M;i?
Bb b 7QHHQrb, URV +QHH2+iBM; 2H2+i`QK;M2iB+ rp2 #v  H`;2 Mi2MM M/ BMi`Q@
/m+BM; Bi iQ  rp2;mB/2 #v  722/ ?Q`M UkV /QrM+QMp2`iBM; _6 bB;MH iQ A6 QM2
#v  +QmTH2` M/  KBt2`- UjV KTHB7vBM; i?2 bB;MH #v HQr@MQBb2 KTHB}2` UGLV-
M/ U9V BMTmi A6 bB;MH iQ  /B;BiH bT2+i`QK2i2` iQ Q#iBM  bT2+i`mKÞX h?2b2
T`Q+2bb2b `2 BHHmbi`i2/ BM };m`2 RXRX
Þi?Bb Bb BM i?2 +b2 Q7 νobs " 100 :>x r?2`2  GL +QKTiB#H2 rBi? i?i 7`2[m2M+v Bb MQi
pBH#H2X AM i?2 +b2 Q7 νobs ! 100 :>x-  GL Bb TH+2/ T`BQ` iQ +QmTH2` bQ i?i i?2 MQBb2
i2KT2`im`2 b?QmH/ #2 bmTT`2bb2/ ++Q`/BM; iQ 2[miBQM RXj
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1[mBpH2Mi MQBb2 i2KT2`im`2 M/ ;BM
>2`2 r2 BMi`Q/m+2 2[mBpH2Mi MQBb2 i2KT2`im`2-  [mMiBiiBp2 K2bm`2 Q7 MQBb2
7`QK p`BQmb +QKTQM2Mib- M/ ;BM Q7 M KTHB}2`X q2 bmTTQb2 M KTHB}2`
r?Qb2 KTHB}+iBQM 7+iQ` Q7 G U;BMVX A7 bB;MH Bb Sinput Bb BMTmi iQ i?2 KTHB}2`-
Bi b?QmH/ vB2H/ M QmiTmi Q7 Soutput = GSinput+N - r?2`2 N Bb M //BiBQMH MQBb2
;2M2`i2/ rBi?BM i?2 KTHB}2`X 6Q` i?2 +QMp2MB2M+2- r2 +M `2r`Bi2 Bi bQ i?i i?2
MQBb2 Bb HbQ M BMTmi,
Soutput = G(Sinput +Neq) = G
(
Sinput +
N
G
)
URXkV
r?2`2 Neq Bb  2[mBpH2Mi BMTmi MQBb2X h?2 2tT`2bbBQM Q7 Neq BM i2KT2`im`2 Bb
+HH2/ 2[mBpH2Mi BMTmi MQBb2 i2KT2`im`2- Tn = Neq/(kB∆νV- r?2`2 ∆ν Bb  #M/
rB/i?X h?2 2[mBpH2Mi BMTmi MQBb2 i2KT2`im`2 Q7 KmHiBTH2 KTHB}2`b +QMM2+i2/
BM b2`B2b +M #2 /2`Bp2/ #v bBKBH` /27Q`KiBQM #Qp2,
Tn,total =
N∑
i=1
Tn,i∏i−1
j=1Gj
= Tn,1 +
Tn,2
G1
+
Tn,3
G1G2
+ · · ·+ Tn,N
G1G2 · · ·GN−1 URXjV
r?2`2 N Bb i?2 MmK#2` Q7 KTHB}2`b BM  +B`+mBiX Ai bm;;2bib i?i i?2 2[mBpH2Mi
BMTmi MQBb2 i2KT2`im`2 Q7 i?2 }`bi KTHB}2` Bb i?2 KQbi /QKBMMi M/ b?QmH/ #2
/2bB;M2/ iQ #2 HQr2` MQBb2 i2KT2`im`2X AM i?2 +b2 Q7 νobs " 100 :>x- i?2 }`bi
KTHB}2` +Q``2bTQM/b  KBt2` M/ Bib ;BM Bb H2bb i?M mMBiv- r?B+? HbQ bm;;2bib
i?i i?2 2[mBpH2Mi BMTmi MQBb2 i2KT2`im`2 Q7 i?2 b2+QM/ KTHB}2` UGL i A6
bB;MHV Bb BKTQ`iMiX q2 MQi2 i?i i?2 +imH pHm2 Q7 bm+? ;BM Bb /2T2M/2Mi
QM _6 Q` A6 7`2[m2M+v- r?B+? rBHH +mb2 ;BM +?M;2 BM  7`2[m2M+v KQ/mHiBQM
Q#b2`piBQM M/ b?QmH/ #2 +Q``2+i2/ T`QT2`HvX h?Bb rBHH #2 7m`i?2` /Bb+mbb2/ BM
+?Ti2` 9X
>2i2`Q/vM2 i2+?MB[m2
>2`2 r2 BMi`Q/m+2 ?2i2`Q/vM2 i2+?MB[m2 M/ i2`KBMQHQ;v Q7 BiX b #`B2~v K2M@
iBQM2/ #Qp2- ?2i2`Q/vM2 Bb  bB;MH T`Q+2bbBM; iQ +`2i2  M2r 7`2[m2M+v #v KBtBM;
8
irQ /Bz2`2Mi 7`2[m2M+B2bX AM Ubm#@VKBHHBK2i2` bT2+i`Qb+QTv- i?2 irQ /Bz2`2Mi 7`2@
[m2M+B2b `2 _6 bB;MH 7`QK bFv M/ `iB}+BH bB;MH ;2M2`i2/ #v HQ+H Qb+BHHiQ`
UGPV- M/  M2r 7`2[m2M+v Bb +HH2/ BMi2`K2/Bi2 7`2[m2M+v UA6V r?B+? Bb Q7i2M /B7@
72`2M+2 7`2[m2M+v Q7 |νRF− νLO| U/QrM+QMp2`iBM;V pBH#H2 b M BMTmi 7Q` /B;BiH
bT2+i`QK2i2`X am+? 7`2[m2M+v +QMp2`bBQM Bb +QM/m+i2/ #v  +QmTH2` U+QK#BMBM;
_6 M/ A6 bB;MHbV M/ KBt2` UKBtBM; _6 M/ A6 bB;MHb iQ +`2i2 A6 bB;MHVX
h?2 ?2i2`Q/vM2 i2+?MB[m2 Bb #b2/ QM i?2 7QHHQrBM; i`B;QMQK2i`B+ B/2MiBiv,
sin(2πν1t) sin(2πν2t) =
1
2
cos(2π(ν1 − ν2)t)− 1
2
cos(2π(ν1 + ν2)t) URX9V
r?2`2 bmK M/ /Bz2`2M+2 7`2[m2M+B2b `2 ;2M2`i2/ #v  T`Q/m+i Q7 irQ bB;MHb Q7
/Bz2`2Mi 7`2[m2M+B2b- ν1, ν2X AM Qi?2` ?M/- B7 r2 +QmH/ T`Q+2bb bB;MHb BM+Hm/BM;
 T`Q/m+i QT2`iBQM- r2 rQmH/ Q#iBM bB;MHb Q7 ν1 + ν2 M/fQ` ν1 − ν2X AM Ubm#@
VKBHHBK2i2` bT2+i`Qb+QTv- r2 Q7i2M mb2  KBt2` r?B+? ?b MQM@HBM2` +m``2Mi@iQ@
pQHi;2 UI −V V +?`+i2`BbiB+ iQ +?B2p2 bm+? QT2`iBQM- r?2`2 V Bb BMTmi pQHi;2
Q7 +QK#BM2/ bB;MH U_6 M/ GPV- M/ I Bb QmiTmi +m``2MiX 6Q`  bBKTH2 2tKTH2-
B7 I − V Bb bbmK2/ iQ #2 2tT`2bb2/ b I ∝ V 2ß M/ νRF > νLO- i?2 BMTmi pQHi;2
Q7 _6 M/ GP- M/ QmiTmi +m``2Mi `2 2tT`2bb2/ b 7QHHQrb,
VRF(t) = VRF,0 cos(2πνRFt+ φRF) URX8V
VLO(t) = VLO,0 cos(2πνLOt+ φLO) URXeV
Ioutput = G (VRF(t) + VLO(t))
2
=
1
2
G(V 2RF,0 + V
2
LO,0)
+
1
2
GV 2RF,0 cos 2(2πνRFt+ φRF)
+
1
2
GV 2LO,0 cos 2(2πνLOt+ φLO)
+GVRF,0VLO,0 cos (2π(νRF + νLO)t+ (φRF + φLO))
+GVRF,0VLO,0 cos (2π(νRF − νLO)t+ (φRF − φLO)) URXdV
r?2`2 G Bb ;BM- VRF,0- VLO,0 `2 +QMbiMi pQHi;2b Q7 _6 M/ GP bB;MHb i t = 0-
ßbm+? kM/@Q`/2` +?`+i2`BbiB+ Bb +QKKQM b  `2bmHi Q7 hvHQ` 2tTMbBQM Q7 MQM@HBM2` 7mM+iBQM
e
νRF
Lower sideband Upper sideband
νLO
100 104 108 112969288
0 44812 8 12 νIF
(GHz)
(GHz)
6B;m`2 RXk, a+?2KiB+ /B;`K Q7 bB/2#M/b BM  ?2i2`Q/vM2 `2+2Bp2`X PM+2 Q#b2`p2` +QM};m`2b M
GP 7`2[m2M+v- i?2M A6 7`2[m2M+v Bb ;2M2`i2/ HBF2  #QiiQK MmK#2` HBM2X A7 Q#b2`p#H2 A6 `M;2b `2
`2T`2b2Mi2/ b HB;?i#Hm2 M/ Q`M;2 #Qt2b- i?2v `2 +HH2/ HQr2` bB/2#M/ UGa"V M/ mTT2` bB/2#M/
Ula"VX P#b2`p#H2 A6 `M;2b `2 +QMbi`BM2/ #v 7`2[m2M+v `2bTQMb2 Q7  KBt2`- GL 7Q` A6 bB;MH-
M/ HbQ bT2+B}+iBQMb Q7  bT2+i`QK2i2`X h?2 #Hm2 M/ `2/ bTBF2 `2T`2b2Mib bT2+i`H HBM2b HQ+i2/
i i?i Q#b2`p2/ 7`2[m2M+B2bX h?2 QM2b Q7 HB;?i +QHQ` `2T`2b2Mib HBM2b +QMiKBMi2/ 7`QK 2+? BK;2
bB/2#M/X
φRF- φLO `2 T?b2b Q7 _6 M/ GP bB;MHbX h?2 Hbi irQ i2`Kb `2 i?2 bB;MHb
Q7 bmK M/ /Bz2`2M+2 7`2[m2MB2b- `2bT2+iBp2HvX Ai Bb HbQ BKTQ`iMi i?i T?b2
BM7Q`KiBQM Bb HbQ T`2b2`p2/ b φRF±φLOX "2+mb2 i?2 Hbi i2`K BM 2[miBQM RXd Bb
Q7 Qm` BMi2`2bi- Qi?2` i2`Kb U+QMbiMi Q` Km+? ?B;?2` 7`2[m2M+v i2`KbV `2 }Hi2`2/X
AM Ubm#@VKBHHBK2i2` bT2+i`Qb+QTv Q7 νobs " 100 :>x- r2 Q7i2M mb2 bmT2`+QM/m+iQ`@
BMbmHiQ`@bmT2`+QM/m+iQ` UaAaV KBt2` b  ;QQ/ HQr MQBb2 KBt2`X h?2 `2+2Bp2`b r2
mb2 BM i?Bb i?2bBb `2 HH QT2`iBM; rBi?  aAa KBt2`X
aB/2#M/b
h?2 2[miBQM RXd bbmK2b νRF > νLO- #mi r2 +M HbQ +QMbB/2`  +QM/BiBQM Q7
νRF < νLOX AM i?Bb +b2- i?2 Hbi i2`K Q7 2[miBQM RXd Bb b 7QHHQrb,
GVRF,0VLO,0 cos (2π|νRF − νLO|t− (φRF − φLO)) URX3V
h?Bb K2Mb i?i _6 7`2[m2M+v Q7 νRF = νLO − νIF +M HbQ #2 BM+Hm/2/ BM i?2
QmiTmi +m``2Mi rBi? Bib T?b2 /Bz2`2Mi #v π `/BMX AM 7+i i?2 Q#iBM2/ A6 bB;MH
d
～mixer 1
mixer 2
signal 
distributor
local 
oscillator0°
90°
LO
LO
IFRF
RF IF
RF 
input LSB
USB
0°
90°
90° hybrid 
coupler
90° hybrid 
coupler
6B;m`2 RXj, "HQ+F /B;`K Q7  ka" KBt2` iF2M 7`QK LFB 2i HX UkyyNV UrBi? bQK2 KQ/B}+iBQM
#v mi?Q`VX
Bb bmT2`TQbBiBQM Q7 irQ /Bz2`2Mi _6 bB;MH,
νRF = νLO ± νIF URXNV
r?2`2 νRF = νLO + νIF Bb +HH2/ mTT2` bB/2#M/ Ula"V- M/ νRF = νLO − νIF Bb
+HH2/ HQr2` bB/2#M/ UGa"VX h?Bb Bb BHHmbi`i2/ BM };m`2 RXkX q2 HbQ mbmHHv +HH 
bB/2#M/ Q7 BMi2`2bi bB;MH bB/2#M/- M/ i?2 Qi?2`b BK;2 bB/2#M/ U7Q` 2tKTH2-
B7 bQK2 bi`QMQKB+H bT2+i`H HBM2 7HHb BM la"- bB;MH bB/2#M/ Bb la" M/ BK;2
bB/2#M/ Bb Ga"VX AM Ubm#@VKBHHBK2i2` bT2+i`Qb+QTv Q7 νobs " 100 :>x- b2H2+iBM;
bB;MH 7`QK QMHv bB;MH bB/2#M/ UbB/2#M/ b2T`iBQMV Bb `2+QKK2M/2/ #2+mb2
H`;2 TQr2` Q7 iKQbT?`B+ +QMiBMmmK Q` HBM2 2KBbbBQM 7`QK BK;2 bB/2#M/ //b
MQBb2 i2KT2`im`2 UMQBb2 H2#2H ;2ib rQ`b2VX
 KBt2` r?B+? ?b b2MbBiBpBiv iQ #Qi? la" M/ Ga" #mi +MMQi b2T`i2 irQ
bB/2#M/b Bb +HH2/ /Qm#H2 bB/2#M/ U.a"V KBt2`- r?B+? Bb bmBi#H2 7Q` +QMiBMmmK
Q#b2`piBQM UQ#b2`p2/ #M/ rB/i? Bb /Qm#H2/V #mi MQi bmBi#H2 7Q` bT2+i`H HBM2
Q#b2`piBQM #2+mb2 Q7 i?2 `2bQM #Qp2X PM i?2 Qi?2` ?M/-  KBt2` r?B+? ?b
b2MbBiBpBiv iQ #Qi? la" M/ Ga"- M/ Bb #H2 iQ b2T`i2 irQ bB/2#M/b Bb +HH2/
irQ bB/2#M/ Uka"V KBt2`X h?2 b+?2KiB+ /B;`K Q7 i?2 T`BM+BTH2 Q7 ka" KBt2`
Bb BHHmbi`i2/ BM };m`2 RXjX "2+mb2 i?2 T?b2b Q7 la" M/ Ga" `2 /Bz2`2Mi
#v π `/BM- _6 bB;MH Bb bTHBi BMiQ irQ Ti?- QM2 Q7 r?B+? `2 T?b2@b?B7i2/ #v
π/2 `/BMX h?2M irQ bB;MH `2 b2T`i2Hv KBt2/ rBi? GP bB;MH BM /Bz2`2Mi
3
KBt2`b- M/ T?b2@b?B7i2/ bB;MH Bb ;BM T?b2@b?B7i2/ #v π/2 `/BMX h?2b2
QT2`iBQMb +`2i2 irQ A6 bB;MHb r?Qb2 la" M/ Ga" `2 b?B7i2/ #v π `/BM 2+?
Qi?2`X 6BMHHv bmK UQ` bm#i`+iBQMV Q7 irQ bB;MHb vB2H/b bBM;H2 la" UQ` Ga"V A6
bB;MHX h?2 `2+2Bp2`b r2 mb2 BM i?Bb i?2bBb `2 HH QT2`iBM; rBi? ka" KBt2`X
AM +imH ka" KBt2`- i?2`2 2tBbib- ?Qr2p2`- bQK2 KQmMi Q7 +QMiKBMiBQM
7`QK BK;2 bB/2#M/ iQ bB;MH QM2X b  [mMiBiiBp2 K2bm`2- r2 mbmHHv mb2
BK;2 `2D2+iBQM `iBQ UA__V r?B+? Bb  `2+BT`Q+H Q7 +QMiKBMiBQM `iBQ BM mMBib
Q7 /"ȜX AM Ubm#@VKBHHBK2i2` bT2+i`Qb+QTv Q7 νobs " 100 :>x- KQ`2 i?M Ry /" Q7
A__ Bb Q7i2M `2[mB`2/ M/ +?B2p2/X
RXRXj P#b2`piBQMb Q7 ?2i2`Q/vM2 `2+2Bp2`
aQ 7` r2 Qp2`pB2r ?Qr  bi`QMQKB+H bB;MH `2 +QHH2+i2/- 7`2[m2M+v@+QMp2`i2/-
KTB}2/- M/ bB/2#M/@b2T`i2/ iQ M A6 bB;MH pBH#H2 b M BMTmi 7Q` /B;BiH
bT2+i`QK2i2`X h?Bb- ?Qr2p2`- BM+Hm/2b bB;MHb Q` MQBb2b Qi?2` i?M bi`QMQKB+H
QM2 bm+? b +QbKB+ KB+`Qrp2 #+F;`QmM/ U*J"c kXdj EV- iKQbT?2`B+ +QMiBM@
mmK M/fQ` HBM2 2KBbbBQM- MQBb2 Q7 `2+2Bp2` M/ `QQK i2KT2`im`2bǥX Ai HbQ
BM+Hm/2b b2p2`H ;BMb r?B+? MQi QMHv KTHB7v  bB;MH #mi HbQ +QMp2`i T?v+B+H
mMBi UI@iQ@V - 7Q` 2tKTH2VX AM Q`/2` iQ Q#iBM +imH i2KT2`im`2 Q7 bi`QMQKB@
+H bB;MH QmibB/2 i?2 1`i?Ƕb iKQbT?2`2- U2tQiKQbT?2`B+ Mi2MM i2KT2`im`2c
T ∗AV- r2 M22/ iQ +HB#`i2 M Q#iBM2/ bT2+i`mK iQ i2KT2`im`2 b+H2 M/ bm#i`+i
mMrMi2/ +QKTQM2Mib rBi? bQK2 Q#b2`pBM; K2i?Q/X
*HB#`iBQM K2i?Q/
h?2 +HB#`iBQM Q7  bT2+i`mK +M #2 +?B2p2/ iQ K2bm`2 MQBb2 bQm`+2b Qi?2` i?M
i?2 bi`QMQKB+H bB;MH BM Q`/2` iQ bQHp2 Q#b2`piBQM 2[miBQMb /2b+`B#2/ #2HQrX
b QM2 Q7 i?2 KQbi +QKKQM +HB#`iBQM K2i?Q/- r2 BMi`Q/m+2 +?QTT2` r?22H
+HB#`iBQM K2i?Q/ US2MxBb 2i HX URNdjVc HbQ +HH2/ b _@aEu K2i?Q/ Q` QM2@
HQ/ +HB#`iBQMV- r?B+? Bb mb2/ 7Q` HH +HB#`iBQM BM i?2 7QHHQrBM; +?Ti2`bX h?Bb
ȜA7  bT2+i`H HBM2 Q7 BK;2 bB/2#M/ r?Qb2 BMi`BMbB+ T2F BMi2MbBiv Bb Ry E- Bb /2i2+i2/ BM
bB;MH bB/2#M/ rBi? BMi2MbBiv Q7 yXR E- i?2M i?2 A__ Q7 i?2 `2+2Bp2` Bb ky /"
ǥi?2b2 MQBb2b `2 Q#b2`p2/ b UHKQbiV +QMbiMi Qzb2i BM  bT2+i`mK
N
K2i?Q/ mb2b irQ MQBb2 bQm`+2bc URV  +?QTT2` r?22H K/2 Q7 #H+F #Q/v U#bQ`#2`V
TH+2/ BM  i2H2b+QT2 UT = Troomc #2+mb2 Bib i2KT2`im`2 Bb bbmK2/ iQ #2 `QQK
i2KT2`im`2V- M/ UkV bFv Bib2H7 r?2`2 MQ bi`QMQKB+H bB;MH 2tBbib UT = TatmV-
M/ bbmK2b Troom = TatmX M Q#b2`piBQM 2[miBQM Bb M 2[miBQM r?B+? +QMM2+ib
M Q#b2`p#H2 UBX2X- bT2+i`mKV iQ mMFMQrM p`B#H2bX h?Qb2 Q7 bi`QMQKB+H bB;MH
UPL@TQBMi- ?2`27i2`V- bFv- M/ +?QTT2` r?22H U_QQK- ?2`27i2`V `2 2tT`2bb2/ b
7QHHQrb,
Pν(ON) = GkB
{
η
[
T ∗Ae
−τ + Tatm(1− e−τ )
]
+ (1− η)Troom + TRX
} URXRyV
Pν(Sky) = GkB
{
η
[
0 + Tatm(1− e−τ )
]
+ (1− η)Troom + TRX
} URXRRV
Pν(Room) = GkB (Troom + TRX) URXRkV
r?2`2 Pν U∝ powerV `2 Q#iBM2/ bT2+i`mK Q7 2+? K2bm`2K2Mi- G Bb ;BM- kB Bb
"QHixKMM +QMbiMi- τ Bb QT+Biv Q7 i?2 iKQbT?2`2 i i?2 Q#b2`p2/ rp2H2M;i?-
η Bb `2` bTBHHQp2`- #HQ+F;2- b+ii2`BM; M/ Q?KB+ 2{+B2M+v- M/ TRX Bb `2+2Bp2`
MQBb2 i2KT2`2im`2X q2 MQi2 i?i r2 bbmK2 i?2 Q#b2`p2/ x2MBi? M;H2- Z- Bb
x2`QX AM i?2 +b2 Q7 Z ̸= 0- i?2 i2`K Q7 τ Bb +Q``2+i2/ b τ secZX q2 HbQ MQi2
i?i Pν Bb b  7mM+iBQM Q7 Q#b2`p2/ 7`2[m2M+v- ν- M/ Bb +imHHv D@H2M;i? p2+iQ`-
r?2`2 D Bb i?2 MmK#2` Q7 bT2+i`QK2i2`Ƕb +?MM2HbX Hi?Qm;? i?2`2 2tBbi b2p2`H
mMFMQrM p`B#H2b- i?2 7QHHQrBM; QT2`iBQM rBi? M bbmKTiBQM Q7 Troom = Tatm
}MHHv vB2H/b T ∗A,
Tatm · Pν(ON)− Pν(Sky)
Pν(Room)− Pν(Sky) ≃ T
∗
A URXRjV
h?2 /pMi;2b Q7 +?QTT2` r?22H +HB#`iBQM Bb Q#pBQmbHv bBKTH2 UDmbi K2bm`2BM;
irQ //BiBQMH bQm`+2bV #mi ;QQ/ T`2+BbBQM UQMHv RyW Q7 2``Q` B7 Z ≃ 0 M/ |Troom−
Tatm| < 20 EVX q2 HbQ /2`Bp2  bvbi2K MQBb2 i2KT2`im`2 UTsysc 2tQiKQbT?2`B+
MQBb2 i2KT2`im`2 r?B+? b?QmH/ #2 +QKT`2/ iQ T ∗A r?2M /Bb+mbbBM; bB;MH@iQ@
MQBb2- 7Q` 2tKTH2V mbBM; i?2b2 K2bm`2K2MibX  bvbi2K MQBb2 i2KT2`im`2 Bb
bmK Q7 MQBb2 +QMi`B#miBQMb 7`QK i?2 iKQbT?2`2 M/ i2H2b+QT2- r?B+? Bb /2`Bp2/
#v +QMp2`iBM; Pν(Sky) iQ QM2 QmibB/2 i?2 1`i?Ƕb iKQbT?2`2,
Tsys ≡ Pν(Sky)e
τ
GkBη
URXR9V
Ry
PSW method FSW method
switch
ON 
Point
OFF 
Point
～ ～ νLO,1νLO,2 switch
ON
OFF
ON,0
ON,1
6B;m`2 RX9, a+?2KiB+ /B;`K Q7 irQ brBi+?BM; Q#b2`pBM; K2i?Q/bX UH27iV TQbBiBQM brBi+?BM; USaqV
K2i?Q/X P#b2`p2` b?QmH/ brBi+? i2H2b+QT2 TQbBiBQM #2ir22M PL M/ P66 TQBMib #v im`MbX U`B;?iV
7`2[m2M+v brBi+?BM; U6aqV K2i?Q/X lMHBF2 Saq- Q#b2`p2` b?QmH/ brBi+? GP 7`2[m2M+v #2ir22M
νLO,1 M/ νLO,2 #v im`MbX
lbBM; 2[miBQM RXRR M/ RXRk- i?Bb +M #2 2tT`2bb2/ b 7QHHQrb,
Tsys =
Troom
Pν(room)/Pν(Sky)− 1 =
Troom
10Y/10 − 1 URXR8V
r?2`2 Y ≡ 10 log10 [Pν(room)/Pν(Sky)] Bb Q7i2M +HH2/ u@7+iQ`- r?B+? Bb M BM/B@
+iQ` Q7 Q#b2`piBQM +QM/BiBQM U?B;?2` u BM/B+i2b H2bb MQBbv Q#b2`piBQMVX
P#b2`pBM; K2i?Q/b
b r2 Qp2`pB2r #Qp2- Bi Bb M2+2bb`v iQ Q#iBM  `272`2M+2 bT2+i`mK rBi?Qmi
bi`QMQKB+H bB;MH BM Q`/2` iQ /2`Bp2 T ∗AX >2`2 r2 BMi`Q/m+2 +QMp2MiBQMH UM/
biBHH +iBp2 BM KQbi bT2+i`Qb+QTB+ Q#b2`piBQMbV Q#b2`pBM; K2i?Q/b UqBHbQM 2i HX-
kyRkV bQ +HH2/ brBi+?BM; QM2bX
h?2 KQbi +QKKQMHv mb2/ Q#b2`pBM; K2i?Q/ BM i?2 rQ`H/ Bb TQbBiBQM brBi+?BM;
K2i?Q/ USaq- ?2`27i2`V- rBi? r?B+? M Q#b2`p2` Q#iBMb bT2+i` Q7 PL@TQBMi M/
i?2 TQbBiBQM Q7 MQ bi`QMQKB+H bB;MH UP66@TQBMi- ?2`27i2`V #v im`Mb BM Q`/2`
RR
iQ +M+2H 2KBbbBQM 7`QK 1`i?Ƕb iKQbT?2`2 M/ Qi?2` BMbi`mK2MiH +QKTQM2MibX
h?Bb Bb BHHmbi`i2/ BM };m`2 RX9X "2+mb2 i?2 Q#b2`piBQM 2[miBQM Q7 P66@TQBMi
+M #2 2tT`2bb2/ b bK2 b i?2 bFv- i?2 +HB#`iBQM #v +?QTT2` r?22H K2i?Q/ Bb
b 7QHHQrb,
T ∗A = Tatm ·
Pν(ON)− Pν(OFF)
Pν(Room)− Pν(Sky) URXReV
h?2 /pMi;2 Q7 Saq K2i?Q/ Bb i?i Bi Bb bBKTH2 HBF2 +?QTT2` r?22H +HB#`@
iBQM M/ TTHB+#H2 iQ HKQbi HH bT2+i`H HBM2 Q#b2`piBQMbX PM i?2 Qi?2` ?M/-
Q#iBMBM; P66@TQBMi bT2+i` Hrvb /2+`2b2b `iBQ Q7 PL@TQBMi Q#b2`pBM; iBK2
Qp2`  iQiH Q#b2`piBQM iBK2 UQ#b2`piBQM 2{+B2M+vV, *QMp2MiBQMHHv PL M/
P66@TQBMi Q#b2`pBM; iBK2b b?QmH/ #2 bK2- r?B+? vB2H/b mTT2` HBKBi Q7 Q#b2`p@
iBQM 2{+B2M+v Q7 QMHv 8y WX AM M +imH Q#b2`piBQM- Bi Bb Q7i2M H2bb i?M 8y W
#2+mb2 Q7 //BiBQMH Qp2`?2/ iBK2 bm+? b i2H2b+QT2 bH2rBM; iBK2 #2ir22M PL
M/ P66@TQbBiBQMb Ui?Bb Bb `2K`F#H2 BM  H`;2 i2H2b+QT2VX
h?2 Qi?2` +QKKQM Q#b2`pBM; K2i?Q/ Bb 7`2[m2M+v brBi+?BM; K2i?Q/ U6aq-
?2`27i2`V- rBi? r?B+? M Q#b2`p2` Q#iBMb QMHv PL@TQBMi #mi rBi? irQ /Bz2`2Mi
+2Mi2` Q#b2`pBM; 7`2[m2M+B2b #v im`Mb BM Q`/2` iQ +M+2H +QMiBMmmK 2KBbbBQM 7`QK
1`i?Ƕb iKQbT?2`2 M/ Qi?2` BMbi`mK2MiH +QKTQM2MibX h?2 PL@PL′ bT2+i`mK
+QMiBM i?2 bK2 bT2+i`H HBM2 BM irQ /Bz2`2Mi TQbBiBQM M/ QM2Ƕb bB;M Bb BMp2`i2/-
i?2M Q#b2`p2` 7QH/ i?2 bT2+i`mK bQ i?i irQ TQbBiBQM Bb Qp2`HTT2/ BM  TQbi /i
`2/m+iBQM iQ Q#iBM  }MH bT2+i`mKX h?Bb Bb BHHmbi`i2/ BM };m`2 RX9X arBi+?BM; Q#@
b2`pBM; 7`2[m2M+v +M #2 +?B2p2/ #v +?M;BM; GP 7`2[m2M+v, Ai Bb 2bv iQ +?M;2
i?2 7`2[m2M+v B7 GP bB;MH Bb ;2M2`i2/ #v  /B;BiH bB;MH ;2M2`iQ` r?B+? +M
#2 +QMi`QHH2/ #v bQK2 T`Q;`K#H2 +QKKM/bX h?2 /pMi;2 Q7 6aq K2i?Q/b
Bb i?i ?B;? Q#b2`piBQM 2{+B2M+v Bb 2tT2+i2/ #2+mb2 #Qi? irQ /Bz2`2Mi bT2+@
i` +QMiBM HBM2 2KBbbBQM UHKQbi Ryy W Q7 Q#b2`piBQM 2{+B2M+vV M/ brBi+?BM;
#2ir22M irQ GP 7`2[m2M+v Bb Q7i2M QT2`i2/ 2H2+i`B+HHv- r?B+? +mb2b HKQbi MQ
//BiBQMH Qp2`?2/bX PM i?2 Qi?2` ?M/- #b2HBM2 ~m+imiBQM U`BTTH2bV i HBM2@7`22
`2;BQMb `2 KQ`2 HBF2Hv iQ #2 Q+mm`2/ +QKT`2/ iQ Saq K2i?Q/ #2+mb2 6aq
K2i?Q/ QT2`i2b i?2 bm#i`+iBQM Q7 bT2+i` Q#iBM2/ /Bz2`2Mi Q#b2`p2/ 7`2[m2M+vX
6Q` i?2 bK2 `2bQM- M Q#b2`piBQM Q7 #`Q/2` bT2+i`H HBM2 Q#b2`piBQM Bb /B{+mHi
#2+mb2 i H2bi rB/2` GP 7`2[m2M+v BMi2`pH i?M i?2 6qwA U7mHH rB/i? i x2`Q
Rk
BMi2MbBivV Q7  HBM2 Bb `2[mB`2/ BM i?2 bm#i`+iBQM M/ 7QH/BM; QT2`iBQMbX b M BK@
T`Qp2K2Mi Q7 6aq K2i?Q/- Bi ?b #22M `2+2MiHv T`QTQb2/ iQ Q#iBM bT2+i` rBi?
KQ`2 i?M irQ GP 7`2[m2M+B2b M/ i?2M /B`2+iHv bQHp2 M/ +Q``2+i 7Q` A6@/2T2M/2Mi
;BM U#M/Tbb b?T2 Q7  bT2+i`QK2i2`V #v H2bi@b[m`2b }iiBM; UG2bi@a[m`2b
6`2[m2M+v arBi+?c Ga6ac >2BH2b UkyydVVX Ga6a Bb mb2/ 7Q`  bT2+i`Qb+QTv Q7 HQr2`
7`2[m2M+v U+2MiBK2i2` rp2H2M;i?VX h?Bb TT`Q+? /B`2+iHv bQHp2b i?2 _6 bT2+@
i`mK rBi?Qmi bm#i`+iBM; /Bz2`2Mi bT2+i` 2+? Qi?2`- ?Qr2p2`- Bi bbmK2b i?i
_6 bT2+i`mK /Q2b MQi +?M;2 /m`BM; b2p2`H Q#b2`piBQMb- r?B+? Bb MQi i?2 +b2
rBi? Ubm#@VKBHHBK2i2` bT2+i`Qb+QTv #2+mb2 iKQbT?2`B+ 2KBbbBQM Bb Km+? KQ`2
/QKBMMi i?M i?2 bi`QMQKB+H bB;MH M/ p`B#H2X
RXk *Q``2Hi2/ MQBb2 M/ i?2B` `2KQpH
AKT`QpBM; b2MbBiBpBiv Q7  i2H2b+QT2 bvbi2K Bb Hrvb M BKTQ`iMi Bbbm2 BM KQ/2`M
Q#b2`piBQMH bi`QMQKvX h?2`2 `2 KMv 7+iQ`b r?B+? HBKBi i?2 b2MbBiBpBiv Q7
bT2+i`Qb+QTB+ Q#b2`piBQMb rBi? bBM;H2@/Bb? `/BQ i2H2b+QT2b- r?BH2 i?2v `2 MQi
7mHHv 2tTHQ`2/ 7Q` b2MbBiBpBiv BKT`Qp2K2MibX h?2 `QQi@K2M@b[m`2 MQBb2 H2p2H Q7
bBM;H2@/Bb? bT2+i`Qb+QTB+ Q#b2`piBQMb Bb 2tT`2bb2/ b
∆S =
√
2kBTsys
Aηap
√
Npix∆νttotalηobs
URXRdV
r?2`2 kB- Tsys- A- ηap- Npix- ∆ν- ttotal- M/ ηobs `2 i?2 "QHixKMM +QMbiMi-
bvbi2K MQBb2 i2KT2`im`2- +QHH2+iBM; `2 M/ T2`im`2 2{+B2M+v Q7  T`BK`v KB`@
`Q`- MmK#2` Q7 722/b- #M/ rB/i?- iQiH Q#b2`pBM; iBK2 BM+Hm/BM; Mv Qp2`?2/b-
M/ Q#b2`piBQM 2{+B2M+v /2}M2/ #v i?2 7`+iBQM Q7 QM@bQm`+2 iBK2 BM i?2 iQiH
Q#b2`pBM; iBK2- ηobs = ton/ttotalX :2M2`HHv bT2FBM;- BKT`QpBM;  bvbi2K MQBb2
i2KT2`im`2 Tsys M/ i?2 2z2+iBp2 +QHH2+iBM; `2 Aηap Q7  T`BK`v KB``Q`- b
r2HH b BM+`2bBM; i?2 MmK#2` Q7 722/b Npix- `2[mB`2 i`2K2M/Qmb 2zQ`i M/ ?m;2
`2bQm`+2bX b r2 Qp2`pB2r BM i?2 T`2pBQmb b2+iBQM- i?2 Bbbm2b Q7 Q#b2`pBM; K2i?@
Q/b bm+? b P66@TQBMi K2bm`2K2Mib- H`;2 Qp2`?2/b- #b2HBM2 `BTTH2b M/ Qi?2`
MQBb2b M/ ;BM ~m+imiBQMb +M HbQ #2  bQm`+2 Q7 /2+`2bBM; 2z2+iBp2 QM@bQm`+2
iBK2- Q` ηobsX
Rj
RXkXR GBKBiiBQM Q7 +QMp2MiBQMH brBi+?BM; K2i?Q/b
h?2 +QMp2MiBQMH K2i?Q/b Q7 Saq M/ 6aq `2 biBHH rB/2Hv mb2/ BM T`2b2Mi bT2+@
i`Qb+QTB+ Q#b2`piBQMb BM Ubm#@VKBHHBK2i2` bi`QMQKvX am+? brBi+?BM; K2i?Q/b
`2- ?Qr2p2`- M2+2bb`v iQ 2biBKi2 M/ +Q``2+i 7Q` #M/Tbb ;BM M/ bFv H2p2Hb
#b2/ QM  +QKT`BbQM Q7 `272`2M+2 bT2+i`mK rBi?  KDQ` bbmKTiBQM i?i i?2
+QM/BiBQM Q7 i2H2b+QT2 UBX2X- G Q` TRXV M/ iKQbT?2`2 UBX2X- τV Bb MQi p`B#H2 UQ`
p`B#H2 Bb bKHH 2MQm;?V BM iBK2 BMi2`pH U#2ir22M PL M/ P66V Q` 7`2[m2M+v
b?B7i UPL M/ PL′ Q7 MQi?2` 7`2m[2M+vVX P#b2`pBM; 2{+B2M+v Qz2`2/ #v Saq
K2i?Q/b Bb i?2`27Q`2 MQi bQ ?B;? U0.1 ! ηobs < 0.5V #2+mb2 Q7  M22/ 7Q` iFBM;
P66@TQBMi bT2+i` M/ i2H2b+QT2 bH2rBM; iBK2X 6m`i?2`KQ`2- bm#i`+iBQM Q7 i?2
P66@TQBMif7`2[m2M+v bT2+i` Bb pB`imHHv 2[mBpH2Mi iQ //BiBQM Q7 MQBb2b iQ i?2
bB;MH bT2+i`- r?B+? Bb r?v i?2 7+iQ` Q7 √2 Bb KmHiBTHB2/ iQ i?2 `B;?i bB/2 BM
2[miBQM RXRdX  MQ#H2 K2i?Q/ r?B+? mb2b  bKQQi?2/ P66@TQBMi #M/Tbb Uu@
KFB 2i HX- kyRkV BM Q`/2` iQ `2/m+2 i?2 MQBb2b //2/ BM i?2 bm#i`+iBQM Bb  ;QQ/
+QKT`QKBb2- Hi?Qm;? Bi biBHH M22/b P66@TQBMi K2bm`2K2MibX
MQi?2` Bbbm2 r?B+? /2;`/2b i?2 Q#b2`piBQM 2{+B2M+v Bb  bT2+i`H #b2@
HBM2 ~m+imiBQM +`Qbb 2KBbbBQM@7`22 +?MM2HbX h?2 BM+B/2Mi bFv 2KBbbBQM Bb ;2M@
2`HHv iBK2@p`B#H2 BM i?2 Ubm#@VKBHHBK2i2` #2+mb2 ri2` pTQ` 2KBbbBQM /QKB@
Mi2b i?2 ~mt 7`QK i?2 bFvX q?2M i?2 brBi+?BM; T2`BQ/ #2ir22M QM M/ P66
TQbBiBQMbf7`2[m2M+B2b `2 HQM;2` i?M i?2 ivTB+H iBK2@b+H2 Q7 bFv p`BiBQMb- mM@
#HM+2 #2ir22M QM@ M/ P66@TQBMi bT2+i` +M +mb2 #b2HBM2 ~m+imiBQMb BM i?2
`2bmHiBM; bT2+i`- #2+mb2 i?2 +QMp2MiBQMH +?QTT2` r?22H K2i?Q/ /Q2b MQi /2H
rBi? BM@bBim 2biBKiBQM Q7 #M/Tbb ;BMb M/ bFv H2p2HbX
RXkXk *Q``2Hi2/ MQBb2 `2KQpH BM KmHiB@TBt2H +K2`
AM +QMi`bi- i?2`2 Bb  K2i?Q/ +?B2pBM;  ?B;? 2{+B2M+v Uηobs ≈ 0.9 − 1V- r?B+?
M2p2` M22/b P66@TQBMi K2bm`2K2Mib M/ ?b #22M 2ti2MbBp2Hv 2KTHQv2/ BM `2+2Mi
/22T 2ti`;H+iB+ bm`p2vb M/ +QbKB+ KB+`Qrp2 #+F;`QmM/ U*J"V 2tT2`BK2Mib
QM i?2 #bBb Q7 ;`QmM/@#b2/ 7+BHBiB2b mbBM; KmHiB@TBt2H #QHQK2i2` +K2`bX h?2
QmiTmi Q7  ;`QmM/@#b2/ i2H2b+QT2 Bb Hrvb /QKBMi2/ #v H`;2 iKQbT?2`B+
2KBbbBQMX A7  `2+2Bp2` ?b ``v /2i2+iQ`b U2X;X-  KmHiB#2K `2+2Bp2` Q`  bT2+@
R9
Sky emission 
(Sν ~ 10 Jy)
Instrument 
(Sν ~ 0.03 Jy)
Astronomical signal 
(Sν ~ 0.003 Jy)
6B;m`2 RX8, a+?2KiB+ /B;`K Q7 i?2 +QM+2Ti Q7 +Q``2Hi2/ MQBb2b Qp2`  KmHiB@TBt2H +K2`X 1+?
QpH `2T`2b2Mib TBt2H /2i2+iQ` Q7 i?2 +K2`- M/ +QHQ` `2T`2b2Mib bi`2M;i? Q7 BMTmi bB;MH U#`B;?i2`
QM2 BM/B+i2b bi`QM;2` bB;MH pHm2VX UH27iV KQbi /QKBMiBM; +Q``2Hi2/ MQBb2b 7`QK i?2 bFv U1`i?Ƕb
iKQbT?2`2VX U+2Mi2`V +Q``2Hi2/ MQBb2b ii`B#mi2/ iQ `2/Qmi Q7 HQ+H bm#@`2;BQMbX U`B;?iV M bi`Q@
MQKB+H bB;MH U2tT2+i2/ iQ #2 HQ+HBx2/- BX2X- MQi +Q``2Hi2/VX
i`QK2i2`V- i?2 QmiTmi iBK2@b2`B2b /i UiBK2bi`2K- ?2`27i2`V 7`QK i?2 /2i2+iQ`b
`2 KmimHHv +Q``2Hi2/- #2+mb2 i?2 /2i2+iQ`b b22 HKQbi i?2 bK2 T`i Q7 i?2 i`Q@
TQbT?2`2 U∼ 1 FK #Qp2 i?2 ;`QmM/VX "2+mb2 i?2b2 +Q``2Hi2/ MQBb2b `2 FMQrM
iQ #2?p2 b 1/f @ivT2 MQBb2b M/ ?p2 H`;2 TQr2` i HQr 7`2[m2M+B2b U! 10 >xV
BM iBK2bi`2K- }Hi2`BM; Qmi i?2 +Q``2Hi2 KQ/2b Q7 iBK2bi`2K r?B+? `2 +QKKQM
KQM; KmHiBTH2 /2i2+iQ` QmiTmib rBi?- 7Q` 2tKTH2- T`BM+BTH +QKTQM2Mi MH@
vbBb US*V +M 2biBKi2 BM@bBim M/ `2KQp2 i?2 rFr`/ HQr 7`2[m2M+v MQBb2b
BM/m+2/ KBMHv #v i?2 iKQbT?2`2 UGm`2Mi 2i HX Ukyy8V- a+Qii 2i HX Ukyy3Vc b22
HbQ };m`2 RX8 M/ RXeVX
Ai Bb HbQ BKTQ`iMi iQ KQ/mHi2 i?2 bi`QMQKB+H bB;MHb BMpQHp2/ BM iBK2bi`2K
BMiQ ?B;?2` 7`2[m2M+v /QKBM bQ b MQi iQ }Hi2` Qmi i?2 bi`QMQKB+H bB;MHb Q7
BMi2`2bi UEQp+b- iiBH- kyy3VX AM i?2 +QMiBMmmK /22T bm`p2vb M/ *J" 2tT2`@
BK2Mib- i?Bb KQ/mHiBQM Bb +?B2p2/ #v 7bi KQpBM; i?2 i2H2b+QT2 TQBMiBM; +`Qbb
i?2 bFvX
RXkXj *Q``2Hi2/ MQBb2 `2KQpH BM bT2+i`Qb+QTv
>2`2 r2 BK iQ BMi`Q/m+2 i?2 +QM+2Ti Q7 +Q``2Hi2/ MQBb2b M/ i?2B` `2KQpH BMiQ
Ubm#@VKBHHBK2i2` bT2+i`Qb+QTv M/ T`QTQb2  M2r Q#b2`pBM; K2i?Q/ 7Q` BM@bBim 2biB@
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Figure 2. Dealing with degeneracies. The awkward choice between keeping more extended emission or paying the price of
higher map noise: an example of a simulated 100mJy point source implanted in a single 8-minute blank-field LABOCA
scan and reduced three diﬀerent ways. Shown are a direct map (top left), produced with signal centering only, a map
with correlated sky removal (top center), and with additional band-cable decorrelation (top right) taking place before
the mapping step. The corresponding eﬀective map rms values are 4.4, 0.012, and 0.011 Jy/beam respectively. Below
the maps are the normalized (see Sec. 5.9) residual pixel-to-pixel covariances after the reduction, for the 234 working
channels in the array, here with the diagonal 1 values zeroed. The left map preserves source structures on all scales, but
these would only be seen if are well in excess of the whopping ∼4 Jy/beam apparent noise level. As the covariance matrix
below it demonstrates the data has strong correlated signals across the full array (consistent with atmospheric noise),
at levels thousands of times above the detector white noise level. Note, that the larger scales are more severely aﬀected
in the map. After removal of the atmospheric noise, the image (top center) no longer contains scales >FoV (∼11’), but
the noise level drops over two orders of magnitude and the faint inserted source becomes visible. However, the noise
is clearly structured and the block-diagonal patterns seen in the covariance matrix below reveal a significant (20–30%
over white noise) correlations within each of the 12 flexible band cables. When these are also modeled prior to the
map-making step, one is rewarded with an even cleaner image. At this point, the covariances outside of the decorrelated
cable blocks (bottom right) reveal no more correlated signals down to a few percent of the detector white noise levels.
However, with the decorrelation of the cables go the scales above the typical footprint of detectors sharing a cable (i.e.
>0.3–0.5 FoV). The missing row and column in the covariance matrix is due to a flagged channel in that reduction. The
negative covariances left behind by the estimation of correlated cable signals is a visual reminder of the degrees of freedom
lost in the modeling step.
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6B;m`2 RXe, M 2tKTH2 Q7 +Q``2Hi2/ MQBb2 `2KQpH BM  KmHiB@TBt2H +K2` Q7 G"P* UEQp+b-
iiBH- kyy3VX UiQTV i?`22 BK;2 Q7 `r /i- i?2 QM2 7i2` `2KQpBM; iKQbT?2`B+ +Q``2Hi2/ MQBb2b-
M/ i?2 QM2 7i2` `2KQpBM; iKQbT?2`B+ M/ BMbi`mK2MiH +Q``2Hi2/ MQBb2b U7`QK H27i iQ `B;?iVX b
i?2 +Q``2Hi2/ MQBb2 `2KQpH T`Q+22/b- QMHv ?Bi2 MQBb2 M/  TQBMi bQm`+2 URyy KCvc bBKmHi2/ QM2V
Bb +H2`Hv /2i2+i2/X U#QiiQKV i?`22 +Qp`BM+2 Ki`B+2b /2`Bp2/ 7`QK iBK2@b2`B2b /i r?B+? KF2
+Q``2bTQM/BM; BK;2bX h?2 ?Q`BxQMiH M/ p2`iB+H t2b `2 #Q ? TBt2H A.X b i?2 +Q``2Hi2/ MQBb2
`2KQpH T`Q+22/b- QMHv /B;QMH b2H7@+Q``2HiBQMb `2KBM- M/ +`Qbb@+Q``2HiBQM Bb `2KQp2/X
KiBQM Q7 #M/Tbb ;BMb M/ bFv H2p2HbX A7 QM2 +QMbB/2`b i?2 QM2@iQ@QM2 `2HiBQMb
#2ir22M KmHiB#2K UBX2X- #QHQK2i2` +K2`V BK;BM; Q#b2`piBQMb M/ bT2+i`Q@
b+QTB+ QM2,
detectors of a camera→ channels of a spectrometer
moving the pointing→ sweeping the frequency
i?2M i?Bb MQBb2 `2KQpH i2+?MB[m2 +M #2 TTHB+#H2 iQ bT2+i`Qb+QTB+ Q#b2`piBQMb
UEQp+b- iiBH- kyy3- hKm` 2i HX- kyRjVX h?2 `2HiBQMb?BT Bb HbQ bmKK`Bx2/
BM };m`2 RXd rBi? b+?2KiB+ /B;`Kb Q7 Q#b2`piBQMX AM Qi?2` rQ`/b- +Q``2Hi2/
MQBb2b `2KQpH rBi?Qmi Q#b2`pBM; P66@TQBMi +M #2 BMi`Q/m+2/ iQ Ubm#@VKBHHBK2i2`
bT2+i`Qb+QTv B7 r2 Q#iBM  iBK2@b2`B2b bT2+i` U iBK2bi`2KV Q7 PL@TQBMi rBi? Bib
Q#b2`p2/ 7`2[m2M+v KQ/mHi2/ i  bKTHBM; `i2 Q7 " 10 >x BM Q`/2` iQ +Tim`2
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6B;m`2 RXd, AHHmbi`iBp2 i#H2 7Q`  +QKT`BbQM Q7 irQ /Bz2`2Mi K2i?Q/b Q7 6JGP M/ KmHiB@TBt2H
+K2`X Hi?Qm;? `2+2Bp2` ivT2 M/ Bib QT2`iBQM T`BM+BTH2 Q7 i?2K Bb iQiHHv /Bz2`2Mi- +Q``2Hi2/
MQBb2 `2KQpH i2+?MB[m2 Bb mb2/ BM +QKKQMX h?2 KDQ` /Bz2`2M+2 Bb /BK2MbBQM Q7 KQ/mHiBQM, q?BH2
6JGP Bb R@/BK2MbBQM KQ/mHiBQM HQM; rBi? 7`2[m2M+v- i?i Q7 +K2` Bb k@/2K2MbBQM KQ/mHiBQM
Qp2` +2H2biBH +QQ`BMi2bX
1/f @HBF2 MQBb2 #2?pBQ` Q7 i?2 bFv M/ 2biBKi2 M/ `2KQp2 i?2K #v S*X b
BHHmbi`i2/ BM };m`2 RX3- i?Bb M2r Q#b2`pBM; K2i?Q/ Q7 iQiHHv /Bz2`2Mi QT2`iBQM
T`BM+BTH2 Bb MQ HQM;2` brBi+?BM; QM2 #mi 7`2[m2+v ǳKQ/mHiBQMǴ U6JV K2i?Q/- M/
KQ/mHiBQM Q7 Q#b2`pBM; 7`2[m2M+v +M #2 +?B2p2/ rBi?  ?2i2`Q/vM2 `2+2Bp2` #v
7bi 7`2[m2M+v br22TBM; Q7 /B;BiH bB;MH ;2M2`iQ` r?B+? ;2M2`i2b HQ+H Qb+BHHiQ`
UGPV bB;MHX q2 i?2`27Q`2 +HH Qm` T`QTQb2/ K2i?Q/  6`2[m2+v@JQ/mHiBM; GQ+H
Pb+BHHiQ` U6JGPV K2i?Q/X
h?2 2tT2ti2/ /pMi;2b Q7 i?2 6JGP K2i?Q/ `2 URV ?B;? Q#b2`piBQM 2{@
+B2M+v Q7 ηobs " 0.9 #2+mb2 Q7 MQ P66@TQBMi Q#b2`piBQM- UkV `2/m+BM; Q7 #b2HBM2
`BTTH2 #2+mb2 Q7 BM@bBim P66@TQBMi 2biBKiBQM #v S*- UjV bB/2#M/ b2T`iBQM
BM  Q|BM2 /i `2/m+iBQM- M/ U9V HQr +Qbi BKTH2K2MiiBQM #2+mb2 2tBbiBM; BM@
bi`mK2Mib `2 HBF2Hv iQ #2 pBH#H2 7Q` i?2 6JGP K2i?Q/X h?2 /2iBH2/ T`BM+BTH2-
M/ KBMBKmK `2[mBbBi2b 7Q`  i2H2b+QT2 Bb /Bb+mbb2/ BM i?2 +?Ti2` k M/ jX
RXj PmiHBM2 Q7 i?Bb i?2bBb
b 2`Hv `2bmHi Q7 i?2 +QKKBbBQMBM; Q7 i?2 6JGP K2i?Q/ BM ah1 Ry K- hKm`
2i HX UkyRjV Q#b2`p2/  #`B;?i 12*P UjĜkV bT2+i`H HBM2 Q7 P`BQM EG rBi? i?2
T`2HBKBM`v 6JGP bvbi2K M/ /2KQMbi`i2/ M BKT`Qp2K2Mi Q7 Q#b2`piBQM 2{@
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6B;m`2 RX3, a+?2KiB+ /B;`K iQ 2tT`2bb ?Qr 7`2[m2M+v KQ/mHiBQM U6JV K2i?Q/ Bb /Bz2`2Mi 7`QK
TQbBiBQM brBi+?BM; USaqV QM2X "Qi? K2i?Q/b `2 BMi2M/2/ iQ 2biBKi2 M/ bm#i`+i M iKQbT?2`B+
bB;MH M/ BMbi`mK2MiH MQBb2 U+2Mi2` +QHmKMV 7`QK M PL@TQBMi TQr2` bT2+i`mK UH27i +QHmKMV BM
Q`/2` iQ Q#iBM  bT2+i`mK Q7 QMHv bi`QMQKB+H bB;MH U`B;?i +QHmKMVX *QMp2MiBQMH Saq K2i?Q/
UKB//H2 `QrV 2biBKi2b Bi b  `2bmHi bT2+i`mK Q7 Q#b2`pBM; /Bz2`2Mi TQbBiBQM M/ iBK2 UBX2X- P66@
TQBMiVX am#i`+iBQM Q7 Bi 7`QK PL@TQBMi bT2+i`mK- ?Qr2p2`- Kv +mb2 #b2HBM2 rB;;H2b /m2 iQ
/Bz2`2M+2 Q7 bFv +QM/BiBQM BM #Qi? TQbBiBQM M/ iBK2X PM i?2 Qi?2` ?M/- 6J K2i?Q/ U#QiiQK
`QrV 2biBKi2b Bi b  `2bmHi Q7 BM@bBim HBM2` }iiBM; Q7 +QKKQM KQ/2 bT2+i` r?B+? Bb /2`Bp2/ #v
T`BM+BTH +QKTQM2Mi MHvbBb US*V TTHB2/ iQ  iBK2bi`2K PL@TQBMi 6J bT2+i`X AM@bBim 2biBKi2b
+M i`+2 iBK2@p`B#H2 iKQbT?`B+ bB;MH M/ BMbi`mK2MiH MQBb2 U+Q``2Hi2/ MQBb2bV M/ i?mb Bi Bb
2tT2+i2/ iQ `2/m+2 #b2HBM2 rB;;H2bX
+B2M+v #v  7+iQ` Q7 9XN +QKT`2/ iQ +QMp2MiBQMH Saq K2i?Q/X i i?i KQK2Mi
Q7 i?2 6JGP K2i?Q/- ?Qr2p2`- i?2 7QHHQrBM; Bi2Kb `2 MQi p2`B}2/ v2i r?B+? `2
2bb2MiBH iQ #2 /2KQMbi`i2/ 7Q` +HBKBM; i?2 +QMbBbi2M+v M/ /pMi;2b Q7 i?2
6JGP K2i?Q/ +QKT`2/ iQ Saq M/ HbQ /2}MBM; i?2 HBKBiiBQM Q7 i?2 6JGP
K2i?Q/,
hBK2 bvM+?`QMBxiBQM h?2 T`2+Bb2 iBK2 bvM+?`QMBxiBQM #2ir22M 7`2[m2M+v KQ/@
mHiBQM Q7 GP M/ /i +[mBbBiBQM Q7  bT2+i`QK2i2` Bb 2bb2MiBH #mi MQi
+?B2p2/ v2i i i?i KQK2MiX A7 r2 Q#iBM  iBK2bi`2K i  bKTHBM; `i2
Q7 Ry >x U bT2+i`mK Bb QmiTmi2/ 2p2`v Ryy KBHHBb2+QM/V-  bvM+?`QMBxiBQM
rBi?BM ∼R Kb Bb `2[mB`2/X q2 i?2`27Q`2 BKTH2K2Mi  +QMi`QHH2` 7Q` bm+? iBK2
R3
bvM+?`QMBxiBQMX
:BM +Q``2+iBQM *HB#`iBQM K2i?Q/ 7Q` i?2 6JGP K2i?Q/ Bb MQi v2i /2p2HQT2/
7Q` +Q``2+iBM; 7Q` ;BM- r?B+? Bb HbQ 2tT2+i2/ iQ #2 7`2[m2+v KQ/mHi2/
/m`BM; M PL@TQBMi Q#b2`piBQMX
PTiBKH 7`2[m2M+v KQ/mHiBQM q2 /QMǶi ;2i i?2 ;mB/2 Q7 ?Qr iQ KQ/mHi2
7`2[m2M+v UBX2X- rB/i? Q` bi2T Q7 7`2[m2M+v KQ/mHiBQM QM2 Q7i2` MQi?2`VX
am+? 7`2[m2M+v KQ/mHiBQM Tii2`M b?QmH/ #2 QTiBKBx2/ UBM  KmHiB@TBt2H
+K2` Q#b2`piBQM- ?Qr iQ br22T BM  KTTBM; `2;BQM Ub+M Tii2`MV Bb
QTiBKBx2/ 7Q` i?2 bTiBH /Bbi`B#miBQM Q7  i`;2iVX
.2iBH2/ p2`B}+iBQM 7Q` +QMbBbi2M+v h?2 +QMbBbi2M+v Q7 i?2 `2bmHi bT2+i`mK
Q7 i?2 6JGP +QKT`2/ iQ i?i Q7 Saq b?QmH/ #2 p2`B}2/ #v #Qi? +imH
bi`QMQKB+H HBM2 Q#b2`piBQM M/ `iB}+BH HBM2 bBKmHiBQM- rBi? p`BQmb HBM2
b?T2b M/ HBM2 BMi2MbBiv 7`QK #`B;?i2` QM2 UHBF2 P`BQM EGV iQ 7BMi QM2
UbB;MH@iQ@MQBb2 `iBQ Q7 ! 5- 7Q` 2tKTH2VX
iKQbT?2`B+ HBM2 2KBbbBQM h?2 #`B;?i bT2+i`H HBM2 2KBbbBQM 7`QK i?2 1`i?Ƕb
iKQbT?2`2 bm+? b QxQM2 Bb TQbbB#H2 iQ #2 /2i2+i2/ BM M 6JGP Q#b2`p@
iBQM #2+mb2 Q7 MQ P66@TQBMi Q#b2`piBQMX am+? bT2+i`H HBM2b Qi?2` i?M
bi`QMQKB+H QM2b b?QmH/ #2 KQ/2H2/ M/ bm#i`+i2/ T`QT2`Hv BM  }MH
bT2+i`mKX
AM i?Bb i?2bBb- r2 2bi#HBb?- 7Q` i?2 }`bi iBK2-  /i MHvbBb K2i?Q/ Q7 i?2
6JGP Q#b2`piBQMb, q2 TQBMi Qmi- 7Q` i?2 }`bi iBK2- Bbbm2b #Qmi i?2 Q#b2`piBQM
2[miBQMb- +HB#`iBQM K2i?Q/ Q7 Saq r?B+? Bb `Bb2/ r?2M r2 2ti2M/ i?2K 7Q`
i?2 7`2[m2M+v@KQ/mHiBM; Q#b2`piBQMb U2X;X- ;BM +Q``2+iBQM M/ +QMiKBMiBQM
Q7 iKQbT?2`B+ HBM2 2KBbbBQMVX h?2M r2 T`QTQb2 M/ /2p2HQT bB;MH T`Q+2bbBM;
K2i?Q/b iQ `2bQHp2 i?2 Bbbm2b M/ /2KQMbi`i2- 7Q` i?2 }`bi iBK2- i?i i?2`2 2tBbi
+Q``2Hi2/ MQBb2b mM/2` i?2 T`QT2` +HB#`iBQM K2i?Q/ #b2/ QM T`QT2` Q#b2`piBQM
2[miBQMbX q2 p2`B7v- 7Q` i?2 }`bi iBK2- i?2 +QMbBbi2M+v Q7 6JGP K2i?Q/b rBi?
Saq QM2 BM i2`Kb Q7 #bQHmi2 BMi2MbBiv UBX2X- bT2+i`H HBM2 b?T2V- +?B2p2/ MQBb2
H2p2H #b2/ QM +Q``2Hi2/ MQBb2 `2KQpH BM #Qi? bBM;H2@TQBMiBM; bT2+i`mK M/ QM@
i?2@~v KTTBM; Q#b2`piBQMbX 6BMHHv r2 /2KQMbi`i2 Km+? ?B;?2` Q#b2`pBM;
RN
2{+B2M+v UBX2X- 2z2+iBp2 b2MbBiBpBivV +?B2p2/ #v i?2 Q#b2`piBQMb rBi? i?2 6JGP
K2i?Q/X >2`2 Bb M QmiHBM2 Q7 i?Bb i?2bBb,
*?Ti2` R h?2 +?Ti2` Q7 BMi`Q/m+iBQM Ui?Bb +?Ti2`VX
*?Ti2` k h?2 +?Ti2` Q7 i?2 T`BM+BTH2 Q7 i?2 6JGP K2i?Q/X q2 BMi`Q/m+2
Ki?2KiB+H 2tT`2bbBQM Q7  iBK2bi`2K M/ Bib KQ/mHiBQM- /2KQ/mHiBQM-
M/ `2p2`b2@/2KQ/mHiBQM- r?B+? `2 7mM/K2MiH QT2`iBQMb mb2/ BM i?2
7QHHQrBM; +?Ti2`bX q2 HbQ /2b+`B#2 MQBb2 +?`+i2`BbiB+b M/ Bib BbQHiBQM
#v S*X 6BMHHv r2 /2b+`B#2 ?Qr iQ +QMp2`i  iBK2bi`2K iQ  }MH bT2+i`mK
Q7 KT UBM i?2 +b2 Q7 KTTBM; Q#b2`piBQMVX
*?Ti2` j h?2 +?Ti2` Q7 BKTH2K2MiiBQM Q7 6JGP bvbi2Kb 7Q` LQ#2vK 98 K
M/ ah1 Ry KX 6B`bi Q7 HH- r2 /2b+`B#2 KBMBKmKH `2[mBbBi2b 7Q` M BKTH2@
K2MiiBQM Q7 i?2 6JGP K2i?Q/X q2 i?2M /2b+`B#2 ?Qr M 6JGP bvbi2K
QT2`i2b BM M i2H2b+QT2 rBi? #HQ+F /B;`K Q7 i?2 6JGP bvbi2K M/ `2@
bmHib Q7 i?2 bvbi2K iBK2 bvM+?`QMBxiBQMb Q7 #Qi? LQ#2vK 98 K M/ ah1
Ry KX
*?Ti2` 9 h?2 +?Ti2` Q7 /2p2HQTBM; bB;MH T`Q+2bbBM; Q7 i?2 6JGP K2i?Q/X
>2`2 r2 BMi`Q/m+2 iBK2bi`2K@#b2/ Q#b2`piBQM 2[miBQMb Q7 i?2 6JGP
K2i?Q/ M/ +HB#`iBQM bi`i2;B2b Q7 ;BM M/ BMi2MbBiv 7Q` bm+? iBK2bi`2K
/iX q2 i?2M /2b+`B#2 i?2 /2iBH2/ K2i?Q/b Q7 +Q``2Hi2/ +QKTQM2Mi `2@
KQpH mbBM; MQ`KH S* M/ r2B;?i2/ S* +?B2p2/ #v 1J@H;Q`Bi?K
U"BH2v- kyRkV- r?B+? Bb mb2/ 7Q` KQ/2HBM; M/ bm#i`+iBM; iKQbT?2`B+ HBM2
2KBbbBQMX 6BMHHv r2 BMi`Q/m+2 M 2M/@iQ@2M/ TBT2HBM2 H;Q`Bi?K 7Q` i?2
/i `2/m+iBQM Q7 M 6JGP iBK2bi`2K- r?B+? +QM/m+i Bi2`iBp2 2biBKiBQM
T`Q+2bb2b 7`QK +HB#`iBQM iQ +Q``2Hi2/ +QKTQM2Mi `2KQpHX
*?Ti2` 8 h?2 +?Ti2` Q7 i?2 p2`B}+iBQM 7Q` i?2 6JGP K2i?Q/ Q7 b2p2`H Bi2Kb
K2MiBQM2/ #Qp2 mbBM; iBK2bi`2K /i Q#b2`p2/ Q` K2bm`2/ QM i2H2b+QT2
bBi2bX q2 +QM/m+i M 2M/@iQ@2M/ /i `2/m+iBQM mbBM; i?2 TBT2HBM2 BM +?T@
i2` 9 iQ p2`B7v ;BM M/ BMi2MbBiv +Q``2+iBQM- M/ +QMbBbi2M+v Q7 i?2 6JGP
K2i?Q/ +QKT`2/ iQ Saq #v +QM/m+iBM; bBKmHiBQM 2K#2//BM; `iB}+BH
ky
HBM2 2KBbbBQM iQ i?2 Q#iBM2/ iBK2bi`2KbX q2 Q#iBM M Q#b2`piBQM 2{@
+B2M+v +?B2p2/ #v bm+? Q#b2`piBQMb- M/ Q#iBM i?2 ;mB/2 7Q` M QTiBKH
7`2[m2M+v KQ/mHiBQM Tii2`M 7Q` M 6JGP Q#b2`piBQM #v HbQ bBKmHiBQMX
*?Ti2` e h?2 +?Ti2` Q7 i?2 /2KQMbi`iBQM Q7 i?2 6JGP K2i?Q/ mbBM; +imH
bi`QMQKB+H i`;2ibX q2 b?Qr i?2 `2bmHib Q7 b2p2`H bT2+i`H HBM2 M/ KT@
TBM; Q#b2`piBQMb Q7 LQ#2vK 98 K M/fQ` ah1 Ry K M/ /2KQMbi`i2
i?i i?2v `2 +QMbBbi2Mi rBi? i?Qb2 Q7 +QMp2MiBQMH K2i?Q/bX AM i?2 6JGP
KTTBM; Q#b2`piBQMb- r2 7m`i?2` /Bb+mbb i?2 +QMbBbi2M+v Q7 6JGP M/ i?2
+QMp2MiBQH K2i?Q/ M/ /2KQMbi`i2 M BKT`Qp2K2Mi Q7 Q#b2`piBQM 2{@
+B2M+v Q7 i?2 6JGP KTTBM; Q#b2`piBQMX
*?Ti2` d h?2 +?Ti2` Q7 i?2 ;2M2`H /Bb+mbbBQM iQ;2i?2` rBi? HH `2bmHib Q7 i?2
T`2pBQmb +?Ti2`bX q2 /2b+`B#2 i?2 /#Mi;2b M/ HbQ HBKBiiBQM Q7 i?2
6JGP K2i?Q/ +QKT`2/ iQ i?2 +QMp2MiBQMH Q#b2`pBM; K2i?Q/bX q2 HbQ
/Bb+mbb +QKTmiiBQM +Qbib M/ 7mim`2 T`QbT2+ib Q7 i?2 6JGP K2i?Q/ M/
+Q``2Hi2/ MQBb2b `2KQpH b+?2K2X
*?Ti2` 3 h?2 +?Ti2` Q7 i?2 +QM+HmbBQM 7Q` i?Bb i?2bBbX
kR
aBKTH2 Bb #2ii2` i?M +QKTH2tX
*QKTH2t Bb #2ii2` i?M +QKTHB+i2/X
6`QK i?2 w2M Q7 Svi?QM- #v hBK S2i2`b
2
S`BM+BTH2
h?Bb +?Ti2` /2b+`B#2b i?2 T`BM+BTH2 Q7 i?2 6JGP K2i?Q/ rBi? Ki?2KiB+H 2t@
T`2bbBQMX q2 BK iQ 2tT`2bb  7`2[m2M+v@KQ/mHi2/ iBK2bi`2K /i UiBK2@b2`B2b
bT2+i`V b M QmiTmi 7`QK  bT2+i`QK2i2` i Ry >x- UȜ kXRV- M/ BMi`Q/m+2 i?2
+QM+2Ti Q7 KQ/mHiBQM M/ /2KQ/mHiBQM Q7  iBK2bi`2K 7Q` #Qi? bB;MH M/ BK@
;2 bB/2#M/ - r?B+? `2 mb2/ 7Q` KFBM;  bT2+`mK Q7 KT 7`QK  iBK2bi`2K
UȜ kXk M/ kXjVX h?2M r2 /2b+`B#2 ?Qr r2 /2`Bp2  KQ/mHi2/ iBK2bi`2K +Q`@
`2bTQM/BM; iQ T ∗A Q7 i?2 +QMp2MiBQMH TQbBiBQM brBi+?BM; USaqV K2i?Q/- 7`QK 
iBK2bi`2K 7i2` BMi2MbBiv +HB#`iBQM UȜ kX9VX q2 2tT`2bb ?Qr bB;MH M/ MQBb2b
`2 +?`+i2`Bx2/ BM  +HB#`i2/ iBK2bi`2K M/ ?Qr +Q``2Hi2/ +QKTQM2Mib `2
/2}M2/ M/ `2KQp2/ 7`QK Bi iQ KF2  ǳ+H2MǴ2/ iBK2bi`2KX 6BMHHv r2 /2b+`B#2
?Qr r2 +QMp2`i  +H2M2/ iBK2bi`2K iQ  }MH T`Q/m+i Q7  bT2+i`mK UbBM;H2
TQBMi Q#b2`piBQMV Q`  KT UQM@i?2@~v Q#b2`piBQMV M/ pB+2 p2`b UȜ kX8VX q2
MQi2 i?i QMHv Ki?2KiB+H /2}MBiBQM Bb /Bb+mbb2/ BM i?Bb +?Ti2`X h?2 +imH
H;Q`Bi?Kb bm+? BMi2MbBiv +HB`iBQM- +Q``2Hi2/ +QKTQM2Mi `2KQpH `2 /Bb+mbb2/
BM +?Ti2` 9X
kk
kXR Ji?2KiB+H 2tT`2bbBQM Q7 iBK2bi`2Kb
q2 /2}M2 iBK2bi`2Kb b Ki`B+2b r?Qb2 t2b `2 7`2[m2M+v M/ iBK2 UiBK2@b2`B2b
bT2+i`VX Hi?Qm;? 7`2[m2M+v M/ iBK2 `2 Q`B;BMHHv +QMiBMmQmb- r2 mbmHHv Q#@
iBM i?2K b M QmiTmi Q7  /B;BiH bT2+i`QK2i2` r?B+? ?b /Bb+`2i2 D 7`2[m2M+v
+?MM2Hb rBi? +?MM2H rB/i? Q7 dν UiQiH #M/rB/i? Q7 DdνV- M/ /Bb+`2i2 N
bT2+i` rBi? bKTHBM; BMi2`pH Q7 dt UiQiH Q#b2`piBQM iBK2 Q7 NdtVX h?mb r2 +M
2tT`2bb M `#Bi``v iBK2bi`2K Q7 Mv T?vbB+H mMBib rBi?  #QH/ H2ii2` HBF2,
X ≡ {xdn} =
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝
x11 · · · x1n · · · x1N
XXX X X X XXX X X X XXX
xd1 · · · xdn · · · xdN
XXX X X X XXX X X X XXX
xD1 · · · xDn · · · xDN
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠
UkXRV
q2 mb2 X:,n M/ Xd,: iQ /2MQi2 n@i? +QHmKM p2+iQ` Un@i? bKTH2/ bT2+i`mKV M/
d@i? `Qr p2+iQ` Ud@i? +?MM2HǶb iBK2@b2`B2b /iV- `2bT2+iBp2HvX h?2 b+H` 2H2K2Mi
Q7 d@i? +?MM2H BM n@i? bKTH2/ bT2+i`mK Bb Xdn U= xdnVX
q2 HbQ /2}M2 i?2 Ki?KiB+H QT2`iBQMb #2ir22M iBK2bi`2KbX aBM+2 i?2`2
`2 KMv 2H2K2Mi@rBb2 QT2`iBQMb #2ir22M iBK2bi`2Kb BM i?2 7QHHQrBM; 2[miBQMb-
r2 2tT`2bb i?2K BM i?2 bK2 KMM2` b b+H` pHm2b,
XY ≡ {xdnydn | xdn ∈X, ydn ∈ Y } UkXkV
X/Y ≡ {xdn/ydn | xdn ∈X, ydn ∈ Y } UkXjV
XY ≡ {xydndn | xdn ∈X, ydn ∈ Y } UkX9V
6Q` i?2 +QMpBMB2M+2 BM i?2 7QHHQrBM; 2[miBQMb- r2 mb2 #QH/ bvK#QH Q7 +QMbiMib
bm+? b 0- 1 M/ e- r?B+? `2 D×N Ki`B+2b }HH2/ rBi? 0- 1- M/ e- `2bT2+iBp2HvX
kj
νobs
LSB USB
t
νLO(n) = νLO,0 + ξ(n) dν
6B;m`2 kXR, a+?2KiB+ /B;`K Q7 2tT`2bbBM; KQ/mHiBQM M/ /2KQ/mHiBQM Q7  iBK2bi`2K ++Q`/@
BM; iQ 6J +?MM2Hb- bmTTQbBM; M 6JGP Q#b2`piBQM Q7 #Qi? la" UQ`M;2 #QtV M/ Ga" UHB;?i#Hm2
QM2V r?2`2 QMHv QM2 bT2+i`H HBM2 U`2/ M/ #Hm2 bTBF2bV 2tBbib i 2+? bB/2#M/X  KQ/mHi2/
iBK2bi`2K Bb M QmiTmi Q7  bT2+i`QK2i2` Bib2H7, Ai Q#iBM /i rBi? }t2/ A6 `M;2 U`2T`2b2Mi2/ b
irQ #Qt2bVX PM i?2 Qi?2` ?M/-  /2KQ/mHi2/ iBK2bi`2K Bb  Ki`Bt i?i r2 HB;M 2+? bKTH2
Q7 KQ/mHi2/ iBK2bi`2K rBi? _6 UQ#b2`p2/V 7`2[m2M+vX 6`QK i?2 /B;`K- Bi Bb +H2` i?i  HBM2 BM
 bB/2#M/ M/ i?i +QMiKBMi2/ 7`QK i?2 BK;2 bB/2#M/ Bb `2p2b2Hv 7`2[m2M+v KQ/mHi2/- r?B+?
2M#H2 mb iQ +?B2p2 bB/2#M/ b2T`iBQM #b2/ QM bQ7ir`2 TQbi `2/m+iBQMX
kXk JQ/mHiBQM M/ /2KQ/mHiBQM Q7 iBK2bi`2Kb
q2 /2}M2 i?2 7`2[m2M+v KQ/mHiBQM Q7 _6 7`2[m2M+v rBi? /Bb+`2i2 +?M;2b Q7
Rbi GP 7`2[m2M+v bvM+?`QMBx2/ rBi? i?2 bKTHBM; Q7 i?2 bT2+i`QK2i2`X q2 +M
2tT`2bb _6 7`2[m2M+v i i?2 +2Mi2` Q7 Q#b2`p2/ #M/- νRF- M/ Rbi GP 7`2[m2M+v-
νLO- b  7mM+iBQM Q7 bKTHBM; MmK#2` n U1 ≤ n ≤ NV,
νRF(n) = νLO(n) + νIF UkX8V
r?2`2 νIF `2T`2b2Mib A6 7`2[m2M+v UνIF < 0 7Q` HQr2` bB/2#M/ M/ νIF > 0 7Q`
mTT2` bB/2#M/V M/ Bb +QMbiMi /m`BM; M Q#b2`piBQMX LQr r2 BMi`Q/m+2 i?2 7`2@
[m2M+v KQ/mHiBQM U6JV +?MM2H- ξ(n)- r?B+? `2T`2b2Mib 7`2[m2M+v Qzb2i #2ir22M
n@i? Q#b2`p2/ bT2+i`mK M/ `272`2M+2 QM2 BM mMBib Q7 +?MM2H,
ξ(n) ≡ ν
RF(n)− νRF,0
dν
=
νLO(n)− νLO,0
dν
UkXeV
k9
r?2`2 νRF,0 M/ νLO,0 `2T`2b2Mi _6 M/ GP 7`2[m2M+B2b Q7 `272`2M+2 Q#b2`piBQM
bm+? b HQ/ Q#b2`piBQM U?2`27i2` 0 /2MQi2b ǳ`272`2M+2ǴVX Hi?Qm;? ξ(n) Bb MQi
M2+2bb`BHv M BMi2;2`- Bi Bb mb27mH iQ bbmK2 ξ(n) iQ #2 M BMi2;2` 7Q` +QKTmiiBQMH
Tm`TQb2bX q2 HbQ /2}M2 i?2 x2`Q@#b2/ 6J +?MM2H- ξ¯(n)- 7Q` i?2 +QMp2MB2M+2 BM
i?2 7QHHQrBM; 2[miBQMb,
ξ¯(n) ≡ ξ(n)−min({ξ(1), . . . , ξ(N)}) UkXdV
"v /2}MBiBQM- i?2 KtBKmK pHm2 Q7 ξ¯(n) 2[mHb i?2 iQiH rB/i? Q7 6J +?MM2H
/m`BM; M Q#b2`piBQMX
AM i?Bb TT2`- r2 2tT`2bb KQ/mHi2/ iBK2bi`2Kb rBi? D × N Ki`B+2b HBF2
X- r?2`2 D M/ N `2T`2b2Mi i?2 MmK#2` Q7 bT2+i`QK2i2`Ƕb +?MM2Hb HB;M2/
rBi? A6 7`2[m2M+v- M/ i?2 MmK#2` Q7 bKTH2b- `2bT2+iBp2HvX AM i?2 bK2 KMM2`
r2 +M 2tT`2bb /2KQ/mHi2/ iBK2bi`2Kb rBi? D˜ × N Ki`B+2b HBF2 X˜- r?2`2
D˜ `2T`2b2Mib i?2 MmK#2` Q7 +?MM2Hb HB;M2/ rBi? _6 7`2[m2M+v U?2`27i2` iBH/2
/2MQi2b ǳ/2KQ/mHiBQMǴV- r?B+? Bb i?2 bmK Q7D M/ i?2 iQiH rB/i? Q7 6J +?MM2H
/m`BM; M Q#b2`piBQM,
D˜ ≡ D +max({ξ¯(1), . . . , ξ¯(N)}) UkX3V
h?2 QT2`iQ` Q7 /2KQ/mHiBQM Bb  KTTBM;DM :X → X˜ UBX2X- 7`QK  KQ/mHi2/
iBK2bi`2K iQ /2KQ/mHi2/ QM2V- r?B+? Bb /2}M2/ b i?2 7QHHQrBM; `2HiBQM,
X˜dn =
⎧⎨⎩ Xd−ξ¯(n),n (d− ξ¯(n) > 0)NaN (otherwise) UkXNV
r?2`2 LL UMQi@@MmK#2`V `2T`2b2Mib MQi@Q#b2`p2/ pHm2 M/ b?QmH/ #2 2t+Hm/2/
BM Ki`Bt +QKTmiiBQM bm+? b p2`;BM; X˜ Qp2` iBK2 tBb iQ KF2  bT2+i`mKX
AM i?2 bK2 KMM2`- i?2 QT2`iQ` Q7 KQ/mHiBQM Bb  KTTBM;M : X˜ →X,
Xdn = X˜d+ξ¯(n),n UkXRyV
"v /2}MBiBQM- LLb U∈ X˜V `2 MQi KTT2/ iQX- r?B+? ;m`Mi22b i?2 2[mHBiB2b
k8
USB
+ξ(n) dν
Normal demodulationReverse demodulation
USB
-ξ(n) dν
6B;m`2 kXk, a+?2KiB+ /B;`K Q7 `2p2`b2@/2KQ/mHiBQM Q7  iBK2bi`2KX b r2 b22 BM };m`2 kXR-
/2KQ/mHiBQM ++Q`/BM; iQ 6J +?MM2Hb rBi? i?2B` bB;Mb `2p2`b2/ rBHH HB;M  iBK2bi`2K rBi? _6
7`2[mM+v Q7 BK;2 bB/2#M/, am+? +QMiKBiBQM +M #2 KQ/2H2/ M/ bm#i`+i2/ B7 r2 BMi2;`i2 i?2
`2p2`b2@/2KQ/mHi2/ iBK2bi`2K iQ KF2  bmT2+i`mK Q7 +QMiKBiBQMX
Q7 X = M(DM(X)) M/ X˜ = DM(M(X˜))X h?2b2 +QM+2Ti Q7 6J +?MM2H-
KQ/mHiBQM M/ /2KQ/mHiBQM Q7  iBK2bi`2K `2 BHHmbi`i2/ BM };m`2 kXRX
kXj aB/2#M/ b2T`iBQM rBi? `2p2`b2@/2KQ/mHiBQM
6Q` M 6JGP Q#b2`piBQM rBi?  bB/2#M/ b2T`iBQM KBt2`- bB;MH H2FBM; 7`QK
BK;2 bB/2#M/ Kv rQ`b2M i?2 b2MbBiBpBiv Q7 i?2 }MH bT2+i`mK B7 i?2`2 2tBbib
bi`QM; HBM2 2KBbbBQM BM i?2KX b QM2 Q7 i?2 /pMi;2b Q7 i?2 6JGP K2i?Q/- r2
+M KQ/2H i?2 H2F2/ HBM2 2KBbbBQM 7`QK BK;2 bB/2#M/ BM/2T2M/2MiHv Q7 i?i
7`QK bB;MH bB/2#M/X 6Q` Mv bB;MHb rBi?BM i?2 bB;MH bB/2#M/ r?Qb2 Q#b2`p2/
7`2[m2M+v Bb ν- r2 +M 2tT`2bb i?2 7`2[m2M+v Qzb2i 7`QK i?2 +2Mi2` Q7 Q#b2`p2/
#M/- νRF(n)- b  7mM+iBQM Q7 ξ(n),
ν − νRF(n) = (ν − νRF,0)− ξ(n) dν UkXRRV
Mv bB;MHb BM i?2 BK;2 bB/2#M/ r?Qb2 Q#b2`p2/ 7`2[m2M+v Bb ν i- QM i?2 Qi?2`
?M/- Kv TT2` BM i?2 bB;MH bB/2#M/ b H2F2/ bB;MH i i?2 Q#b2`p2/ 7`2[m2M+v
Q7 ν,
ν = ν i + 2(νLO(n)− ν i) = (2νLO,0 − ν i) + 2ξ(n) dν UkXRkV
ke
>2`27i2` i /2MQi2b ǳBK;2 bB/2#M/ǴX am#biBimiBM; 2[miBQM kXRk 7Q` 2[miBQM kXRR-
i?2 7`2[m2M+v Qzb2i 7`QK νRF(n) `2;`/BM; H2FBM; bB;MH Bb 2tT`2bb2/ b,
ν − νRF(n) = (2νLO,0 − ν i − νRF,0) + ξ(n) dν UkXRjV
h?Bb BM/B+i2b i?i i?2 H2F2/ bB;MH 7`QK i?2 BK;2 bB/2#M/ Bb KQ/mHi2/ `2@
p2`b2Hv, q2 +M KQ/2H i?2 H2F2/ bB;MH #2+mb2 Bi Bb HB;M2/ r?2M i?2 iBK2bi`2K
Bb `2p2`b2@/2KQ/mHi2/ #v /QTiBM; −ξ(n) b 6J +?MM2H BMbi2/ Q7 +ξ(n)- r?BH2
i?2 MiBp2 bB;MH Bb bK2`2/ Qmi BM i?2 }MH bT2+i`mKX PM i?2 Qi?2` ?M/- i?2
H2F2/ bB;MH Bb MQi HB;M2/ rBi? _6 7`2[m2+v BM  /2KQ/mHi2/ iBK2bi`2K M/
i?mb bK2`2/ Qmi BM i?2 }MH bT2+i`mK 2p2M B7 r2 /Q MQi KQ/2H i?2 H2F2/ bB;@
MHX h?Bb +M `2/m+2 i?2 MQBb2 BM/m+2/ #v i?2 H2FBM; bB;MH- M/ i?mb BKT`Qp2
M BK;2 bB/2#M/ `2D2+iBQM `iBQ #v QMHv bB;MH T`Q+2bbBM; /Bb+mbb2/ #Qp2X h?2
+QM+2Ti Q7 `2p2`b2@/2KQ/mHiBQM Bb BHHmbi`i2/ BM };m`2 kXkX
kX9 LQBb2 +?`+i2`BbiB+b M/ BbQHiBQM
lbBM; i?2 2tT`2bbBQM Q7 KQ/mHi2/ iBK2bi`2Kb- r2 +M KQ/2H  K2bm`2/ iBK2bi`2K
Q7 Mi2MM i2KT2`im`2 7i2` BMi2MbBiv +HB#`iBQM- T Calib- b Mi2MM i2KT2`@
im`2b BM irQ bB/2#M/b 7Q` ?2i2`Q/vM2 `2+2Bp2` BM //BiBQM iQ +Q``2Hi2/ M/ MQM@
+Q``2Hi2/ MQBb2b 7`QK i?2 bFv M/ BMbi`mK2Mib,
T Calib = T Aste−τ + TAtm(1− e−τ )
+R
[
T Ast,ie−τ
i
+ TAtm(1− e−τ i)
]
+E UkXR9V
r?2`2 T Ast(,i)- τ (i)- E- e- M/ 1 `2 D × N Ki`B+2b, T Ast Bb i?2 KQ/mHi2/ M@
i2MM i2KT2`im`2 Q7 bi`QMQKB+H bQm`+2 +Q``2+i2/ 7Q` iKQbT?2`B+ #bQ`TiBQM
M/ bTBHHQp2` HQbb- TAtm Bb i?2 T?vbB+H i2KT2`im`2 Q7 iKQbT?2`2- τ Bb i?2 KQ/@
mHi2/ QT+Biv Q7 iKQbT?2`2- M/ Ki`B+2b rBi? i `2 i?Qb2 7`QK BK;2 bB/2#M/X
R Bb M BK;2 `2D2+iBQM `iBQ Q7  bB/2#M/ b2T`iBQM KBt2` UR = 1 7Q`  /Qm@
#H2 bB/2#M/ KBt2`VX E Bb i?2 MQBb2b ii`B#mi2/ iQ i?2 iKQbT?2`2 M/ i2H2b+QT2
bvbi2KX
kd
lbBM; HQr@`MF TT`QtBKiBQM i2+?MB[m2b bm+? b S*- r2 +M /2+QKTQb2 i?2
7QHHQrBM; iBK2bi`2Kb BMiQ +Q``2Hi2/ M/ MQM@+Q``2Hi2/ +QKTQM2Mib,
T Ast(,i) = T C(,i) + T NC(,i) UkXR8V
τ (i) = τC(,i) + τNC(,i) UkXReV
E = EC +ENC UkXRdV
>2`27i2` * M/ L* /2MQi2 ǳ+Q``2Hi2/Ǵ M/ ǳMQM@+Q``2Hi2/Ǵ iBK2bi`2Kb- `2@
bT2+iBp2HvX h?2 +Q``2Hi2/ +QKTQM2Mib Q7 T C M/ τC `2 ii`B#mi2/ iQ +QMiBMmmK
2KBbbBQM 7`QK bi`QMQKB+H bQm`+2 M/ bFv- i?2 Hii2` Q7 r?B+? mbmHHv ~m+im@
i2b /m`BM; M Q#b2`piBQMX h?2 MQM@+Q``2Hi2/ +QKTQM2Mib Q7 T NC M/ τNC `2
ii`B#mi2/ iQ bT2+i`H HBM2 2KBbbBQM M/fQ` #bQ`TiBQM 7`QK bi`QMQKB+H bQm`+2
M/ i?2 iKQbT?2`2 UiKQbT?2`B+ QxQM2- 7Q` 2tKTH2V- `2bT2+iBp2HvX EC Bb i?2
+Q``2Hi2/ MQBb2- r?B+? Bb KBMHv ii`B#mi2/ iQ i?2 ~m+imiBQM Q7 #M/Tbb ;BM
+QmTH2/ rBi? i?2 bFv M/ BMbi`mK2MibX ENC Bb i?2 `2bB/mH MQM@+Q``2Hi2/ MQBb2b
r?B+? Bb 2tT2+i2/ iQ 7QHHQr  :mbbBM /Bbi`B#miBQMX 7i2` bm#i`+iBM; +Q``2Hi2/
i2`Kb 7`QK 2[miBQM kXR9 r?B+? `2 +QKTQb2/ Q7 i H2bi QM2 Q7 +Q``2Hi2/ +QK@
TQM2Mib U7Q` 2tKTH2- T Ce−τCV- i?2 ǳ+H2MǴ2/ iBK2bi`2K Bb +QKTQb2/ Q7 QMHv
MQM@+Q``2Hi2/ i2`Kb,
T Clean ≃ T NCe−τNC + TAtm(1− e−τNC)
+R
[
T NC,ie−τ
NC,i
+ TAtm(1− e−τNC,i)
]
+ENC UkXR3V
r?2`2 r2 Q#iBM i?2 KQ/mHi2/ Mi2MM i2KT2`im`2 Q7 bi`QMQKB+H bQm`+2 2t@
+2Ti 7Q` +QMiBMmmK 2KBbbBQM M/ i?i 7`QK BK;2 bB/2#M/- r?B+? `Bb2  HBK@
BiiBQM Q7 +QMiBMmmK Q#b2`piBQM rBi? i?2 6JGP K2i?Q/ U/Bb+mbb2/ 7m`i?2` BM
+?Ti2` dVX
6BMHHv- KQ/2HBM; M/ bm#i`+iBM; MQM@+Q``2Hi2/ +QKTQM2Mib Qi?2` i?M b@
i`QMQKB+H bQm`+2- r2 Q#iBM  KQ/mHi2/ iBK2bi`2K- T A∗ - r?B+? Bb +QMbBbi2Mi
rBi? T ∗A Q7 i?2 +QMp2MiBQMH TQbBiBQM brBi+?BM; USaqV K2i?Q/ 2t+2Ti i?i Bi Bb
k3
KQ/mHi2/X
T A
∗ ≃ T NCe−τNC +ENC UkXRNV
A7 bi`QMQKB+H bT2+i`H HBM2b /Q MQi Qp2`HT rBi? i?Qb2 7`QK i?2 iKQbT?2`2- i?2
2[miBQM kXRN Bb bBKTHv 2tT`2bb2/ b,
T A
∗ ≃ T NC +ENC UkXkyV
Pi?2`rBb2- +QMi`B#miBQM Q7 #bQ`TiBQM #v iKQbT?2`B+ HBM2- e−τNC - b?QmH/ #2 /2@
`Bp2/ 7`QK TAtm(1 − e−τNC) M/ +Q``2+i2/ iQ /2`Bp2 kXkyX AM i?Bb +b2- /BpBbBQM
Q7 e−τNC(< 1) Kv rQ`b2M i?2 MQBb2 H2p2H i i?2 Q#b2`p2/ 7`2[m2M+v r?2`2 iKQ@
bT?2`B+ HBM2b 2tBbiX
>Qr iQ KQ/2H i?2 +QKTQM2Mib r2 b22 #Qp2 rBHH #2 /Bb+mbb2/ BM +?Ti2` 9-
r?2`2 r2 BMi`Q/m+2 M2r H;Q`Bi?Kb iQ KQ/2H i?2KX JQ/2HBM; i?2K Q7 +imH /i
rBHH #2 /Bb+mbb2/ BM +?Ti2` 8X
kX8 JFBM; 7BMH T`Q/m+i
PM+2 r2 Q#iBM  }MH KQ/mHi2/ iBK2bi`2K- T A∗ - Bi Bb iBK2 r2 /2KQ/mHi2
i?2K iQ T˜ A∗ M/ i?2M r2 +M KF2  }MH T`Q/m+i Q7  bT2+i`mK BM i?2 +b2 Q7
bBM;H2@TQBMiBM; Q#b2`piBQMb- Q` KT BM i?2 +b2 Q7 QM@i?2@~v UPh6V Q#b2`piBQM BM
i?2 bK2 KMM2`b b r2 KF2 i?2K 7`QK i?2 /i Q#b2`p2/ rBi? i?2 +QMp2MiBQMH
Saq K2i?Q/X h?2 /Bz2`2M+2 Q7 i?2 T`Q+2bb #2ir22M 6JGP M/ Saq Bb i?i
7i2` KFBM;  bT2+i`mK Q`  KT b i?2 }MH T`Q/m+i- Bi Bb TQbbB#H2 i?i r2
`2b?T2 Bi iQ  b?T2 U/BK2MbBQMV bK2 b i?2 KQ/mHi2/ iBK2bi`2K iQ mb2 Bi
b  bB;MH KQ/2H BM  bm++22/BM; Bi2`iBp2 bB;MH T`Q+2bbBM; 7Q` #2ii2` 2biBKiBQMX
q2 ?2`27i2` `272` iQ ǳBMi2;`iBQMǴ b r2 +QMp2`i  iBK2bi`2K iQ  bT2+i`mK Q` 
KT- M/ ǳT`QD2+iBQMǴ b r2 }HH pHm2b Q7  bT2+i`mK Q`  KT iQ  iBKbi`2KX
kN
si
gn
al
D observed frequency channelsD spectrometer channels
N 
tim
e 
sa
m
pl
es
signal
① NaN
NaN
NaN
NaN
NaN
NaN
NaN
NaN
~
②
① demodulation and ② integration
6B;m`2 kXj, a+?2KiB+ /B;`K Q7 BMi2;`iBQM M/ T`QD2+iBQM T`Q+2bb2b Q7 bT2+i`H KFBM;X AMi2;`@
iBQM T`Q+2bb Bb iQ +QMp2`i  KQ/mHi2/ iBK2bi`2K BMiQ /2KQ/mHi2/ QM2- M/ i?2M KF2  bT2+i`mK
BM /2KQ/mHiBQM bT+2 #v +H+mHiBM; K2M HQM; iBK2 tBb rBi?Qmi +QmMiBM; LL 2H2K2MibX PM i?2
Qi?2` ?M/- T`QD2+iBQM T`Q+2bb Bb iQ KF2  /2KQ/mHi2/ iBK2bi`2K rBi? 2+? iBK2 bKTH2 }HH2/
rBi?  bT2+i`mK M/ i?2M KF2  KQ/mHi2/ iBK2bi`2KX
kX8XR aT2+i`H KFBM;
 bT2+i`mK Q7 i?2 6JGP K2i?Q/- s˜- Bb  D˜@H2M;i? p2+iQ`X AMi2;`iBQM M/ T`Q@
D2+iBQM `2 BHHmbi`i2/ BM };m`2 kXjX AMi2;`iBQM Q7  /2KQ/mHi2/ iBK2bi`2K iQ
 bT2+i`mK Bb bBKTHv i?2 K2M Q7 Bi iF2M HQM; i?2 iBK2 tBb 2t+2Ti 7Q` LL
pHm2b,
s˜d =
∑N
n=1 T˜
A∗
dn (T˜
A∗
dn /∈ NaN)∑N
n=1 1 (T˜
A∗
dn /∈ NaN)
UkXkRV
A7 r2 /2}M2 r2B;?i pHm2b Q7 2+? 2H2K2Mi Q7  iBK2bi`2K U7Q` 2tKTH2- 7`QK
bvbi2K MQBb2 i2KT2`im`2- TsysV- i?Bb QT2`iBQM b?HH #2  r2B;?i2/ K2MX i
i?2 bK2 iBK2- r2 HbQ /2`Bp2 i?2 `XKXbX MQBb2 H2p2H Q7  bT2+i`mKX A7 r2 Q#iBM
biiBbiB+HHv@bm{+B2Mi bKTH2b-  bBKTH2 rv Bb iQ +H+mHi2 i?2 biM/`/ /2pBiBQM
Q7  /2KQ/mHi2/ iBK2bi`2K HQM; i?2 iBK2 tBb 2t+2Ti 7Q` LL M/ /BpB/BM;
2+? pHm2 #v `QQi Q7 i?2 MmK#2` Q7 bKTH2b +QmMi2/X MQi?2` QM2 Bb iQ `2bKTH2
i?2 iBK2bi`2K #v i?2 #QQibi`T K2i?Q/ iQ KF2 `2bKTH2/ bT2+i` b2p2`H iBK2b
jy
tch
…
…
single x/y scan
t
α
δ νobs
Resampled 
map cube
convolution
interpolation
reshape
reshape
Reshaped 
timestream
6B;m`2 kX9, a+?2KiB+ /B;`K Q7 BMi2;`iBQM M/ T`QD2+iBQM T`Q+2bb2b Q7 KT KFBM;X UH27iV 
/2KQ/mHi2/ iBK2bi`2K r?Qb2 MQM@LL pHm2b `2 2tT`2bb2/ b #Hm2 HBM2bX U+2Mi2`V  `2b?T2/
U7QH/2/V j.@+m#2@HBF2 iBK2bi`2K ++Q`/BM; iQ  b+M Tii2`M Q7  KTTBM; Q#b2`piBQMX i i?Bb
KQK2Mi- 2+? bKTH2 Q7 i?2 iBK2bi`2K Bb MQi r2B;?i@K2M2/X U`B;?iV  j. +m#2 KT 7i2` r2B;?i2/
K2M U2[miBQM kXkjVX M BMi2;`iBQM T`Q+2bb Bb iQ +QMp2`i  iBK2bi`2K BMiQ  j. KT +m#2 UH27i iQ
`B;?iVX PM i?2 Qi?2` ?M/-  T`QD2+iBQM T`Q+2bb Bb iQ +QMp2`i  j. KT +m#2 iQ  iBK2bi`2K r?Qb2
b?T2 Bb bK2 b i?2 BMTmi iBK2bi`2K- r?B+? +M #2 /2`Bp2/ #v k. UbTiBH t2bV BMi2`TQHiBQM Q7 
j. KT +m#2 i  KT +QQ`/BMi2b Q7 _X M/ .2+X q2 MQi2 i?i #Qi? BMi2;`iBQM M/ T`QD2+iBQM
T`Q+2bb2b BM+Hm/2 /2KQ/mHiBQM M/ KQ/mHiBQM Ur?B+? `2 MQi BHHmbi`i2/- i?Qm;?VX
M/ +H+mHi2 i?2 biM/`/ /2pBiBQM Q7 i?2KX h?2 Hii2` iF2b KQ`2 iBK2 #mi rBHH
#2 mb2/ 7Q` /2`BpBM; 2t+i MQBb2 H2p2H BM +?Ti2` 8X
S`QD2+iBQM Q7  bT2+i`mK iQ  iBK2bi`2K Bb +H+mHi2/ #v URV +`2iBM;  /2@
KQ/mHi2/ iBK2bi`2K 2+? +QHmKM p2+iQ` }HH2/ rBi? i?2 bT2+i`mK- M/ UkV KQ/@
mHiBM; Bi iQ +`2i2 /2KQ/mHi2/ QM2X
kX8Xk JT KFBM;
h?2`2 `2 KQmMiBM; /2KM/b 7Q` H`;2@b+H2 KTTBM; Q#b2`piBQMb mbBM; Ubm#@
VKBHHBK2i2` bBM;H2@/Bb? i2H2b+QT2bX h?2 6JGP K2i?Q/ Qz2`b KTTBM; +T#BHBiv
#v Dmbi bH2rBM; i2H2b+QT2 TQBMiBM; +QMiB;mQmbHvX  KT Q7 i?2 6JGP K2i?Q/-
M˜ - Bb  X × Y × D˜ i2MbQ` Uj. /i +m#2V- r?2`2 X M/ Y `2 i?2 ?Q`BxQMiH
M/ p2`iB+H MmK#2`b Q7 ;`B/b Q7  KTX qBi? i?Bb ivT2 Q7 KFBM;- M 6JGP
jR
Q#b2`piBQM Bb bmTTQb2/ iQ #2 +``B2/ Qmi rBi? i2H2b+QT2 KQpBM; ++Q`/BM; iQ 
b+M Tii2`M r?B+? +QMi`QHb ?Qr iQ b+M  `2;BQM b  7mM+iBQM Q7 iBK2X h?2 MmK#2`
Q7 ;`B/b M/ i?mb ;`B/ bT+BM; `2 +QmTH2/ rBi?  #2K bBx2 Q7  i2H2b+QT2 M/
b+M Tii2`M mb2/ 7Q` M Q#b2`piBQMX AMi2;`iBQM M/ T`QD2+iBQM `2 BHHmbi`i2/
BM };m`2 kX9X
AMi2;`iBQM Q7  /2KQ/mHi2/ iBK2bi`2K iQ  KT Bb  r2B;?i2/ K2M Q7
bKTH2b HQ+i2/ rBi?BM  +2`iBM `/Bmb Q7 2+? KT ;`B/X h?2 r2B;?i pHm2b `2
+H+mHi2/ #v  ;`B//BM; +QMpQHmiBQM 7mM+iBQM U:*6V- c(r)- /2b+`B#2/ BM Uar/
2i HX- kyy3V- r?2`2 r Bb  /BbiM+2 #2ir22M Mi2MM +QQ`/BMi2b Q7  bKTH2 M/
i?Qb2 Q7  KT ;`B/ BM mMBib Q7 ;`B/ bT+BM;X 6Q` 2tKTH2- i?2 Tm`2 :mbbBM :*6
+M #2 2tT`2bb2/ b i?2 7QHHQrBM; 2[miBQM,
c(r) =
⎧⎨⎩exp (−r2) (r ≤ Rmax)0 (otherwise) UkXkkV
r?2`2 Rmax Bb i?2 KtBKmK `/Bmb rBi?BM r?B+? bKTH2b `2 BM+Hm/2/ iQ +H+mHi2
i?2 r2B;?i2/ K2MX q2 mb2 Rmax = 3 b /27mHiX h?2 pHm2 Q7  7`2[m2M+v +?MM2H-
d- i  KT ;`B/ (x, y) Bb i?mb 2tT`2bb2/ b i?2 7QHHQrBM; 2[miBQM,
M˜x,y,d =
∑N
n=1 c(rn) T˜
A∗
dn (rn ≤ Rmin, T˜ A∗dn /∈ NaN)∑N
n=1 c(rn) (rn ≤ Rmin, T˜ A∗dn /∈ NaN)
UkXkjV
S`QD2+iBQM Q7  KT iQ  iBK2bi`2K Bb +H+mHi2/ #v URV +`2iBM;  /2KQ/m@
Hi2/ iBK2bi`2K 2+? +QHmKM p2+iQ` }HH2/ rBi? i?2 bT2+i`mK r?B+? `2 +H+mHi2/
#v k. UbTiBH t2bV BMi2`TQHiBQM Q7 i?2 KT i 2+? Mi2MM +QQ`/BMi2b- M/
UkV KQ/mHiBM; Bi iQ +`2i2 /2KQ/mHi2/ QM2X
jk
6Hi Bb #2ii2` i?M M2bi2/X
aT`b2 Bb #2ii2` i?M /2Mb2X
_2/#BHBiv +QmMibX
6`QK i?2 w2M Q7 Svi?QM- #v hBK S2i2`b
3
AKTH2K2MiiBQM
AM i?2 T`QTQb2/ 6JGP K2i?Q/- Bi Bb BKTQ`iMi iQ KQ/mHi2 bi`QMQKB+H bB;@
MHb Q7 BMi2`2bi BMiQ ?B;? 7`2[m2M+v `M;2b BM iBK2bi`2K /i #v KQ/mHiBM; i?2
Q#b2`pBM; 7`2[m2M+v- r?B+? 2M#H2b iQ BbQHi2 i?2 bi`QMQKB+H bB;MHb 7`QK HQr@
7`2[m2M+v +Q``2Hi2/ MQBb2bX q?2`2b i?2`2 `2 b2p2`H QTiBQMb Q7 KQ/mHiBM; i?2
Q#b2`pBM; 7`2[m2M+v- r2 +?QQb2 iQ KQ/mHi2 `/BQ 7`2[m2M+v U_6V bB;MHbX h?Bb Bb
#2+mb2 URV BM KMv KQ/2`M bvbi2Kb  }`bi GP Bb `2HBx2/ rBi?  imM#H2 /B;BiH
bB;MH ;2M2`iQ` BM r?B+?  #mBHi@BM KQ/mHiBQM 7mM+iBQM Bb BKTH2K2Mi2/c M/ UkV
_6 KQ/mHiBQM BM KKfbm#KK HHQrb  rB/2 U:>x@Q`/2`V 7`2[m2M+v +?M;2 +QK@
T`2/ rBi? A6 KQ/mHiBQMX h?2`2 Bb- ?Qr2p2`-  /`r#+F BM }`bi GP KQ/mHiBQMc
M GP 7`2[m2M+v KQ/mHiBQM H2/b iQ +?M;2b BM i?2 KBt2` ;BM- r?B+? /2T2M/ QM
7`2[m2M+v KQ/mHiBQMX q2 rBHH b?Qr i?i i?2 ;BM +?M;2b `2 7mHHv T`2/B+i#H2
b  7mM+iBQM Q7 GP 7`2[m2M+v BM b?Q`i iBK2@b+H2b U∼Ry KBMV M/ `2 `2bQM#Hv
KQ/2H2/ M/ +Q``2+i2/ BM Q|BM2 bB;MH T`Q+2bbBM;X h?Bb rBHH #2 /Bb+mbb2/ BM Ȝ 9X
jXR JBMBKmK `2[mBbBi2b
JBMBKmK `2[mBbBi2b QM  i2H2b+QT2 bvbi2K r?2`2 i?2 6JGP bvbi2K Bb ;QBM; iQ
#2 BMbiHH2/ `2 URV  }`bi GP r?B+? Bb imM#H2 M/ T`Q;`KK#H2c UkV  bvbi2K
jj
+HQ+F r?B+? 2Mbm`2b i?2 bvM+?`QMBxiBQM KQM; 7`2[m2M+v KQ/mHiBQM M/ /i
+[mBbBiBQMc M/ UjV  #+F2M/ bT2+i`QK2i2` i?i iF2b i?2 /i i  bKTHBM; `i2
bm{+B2MiHv ?B;?2` i?M i?2 bFvfbvbi2K p`BiBQMX  ?2i2`Q/vM2 `2+2Bp2` BM KQ/2`M
KKfbm#KK bi`QMQKv Q7i2M miBHBx2b  KB+`Qrp2 bB;MH ;2M2`iQ` rBi?  +b+/2
Q7 7`2[m2M+v KmHiBTHB2`b- BMbi2/ Q7  :mMM Qb+BHHiQ`- b  }`bi GPX  /B;BiH
bB;MH ;2M2`iQ` Bb T`iB+mH`Hv mb27mH 7Q` i?2 6JGP Tm`TQb2- bBM+2 Bi Bb 2bv iQ
[mB+FHv imM2 i?2 GP 7`2[m2M+v M/ iQ T`Q;`K i?2 7`2[m2M+v KQ/mHiBQM Tii2`MX
 bKTHBM; `i2 Q7 ∼yXR b b?QmH/ #2 2MQm;? 7Q` KMv +b2bc i?2 iBK2@b+H2 Q7 bFv
p`BiBQM Bb Q7 Q`/2`∼R b- bBM+2 Bi Bb `Qm;?Hv /2i2`KBM2/ #v  +`QbbBM;@iBK2 BM r?B+?
i?2 T?b2 b+`22M Uv ∼ 10 Kb−1V ;Q2b +`Qbb i?2 i2H2b+QT2 T2`im`2 UD ∼ 10 KVX
LQi2 i?i r?2M r2 TTHv i?2 6JGP K2i?Q/ iQ QM@i?2@~v UPh6V KTTBM; `i?2`
i?M bBM;H2@TQBMi2/ Q#b2`piBQMb- bvM+?`QMBxiBQM #2ir22M 7`2[m2M+v KQ/mHiBQM
M/ Mi2MM /`Bp2 +QMi`QH Bb HbQ `2[mB`2/X
jXk LQ#2vK 98 K
q2 BMbiHH2/ i?2 6JGP bvbi2K QM i?2 LQ#2vK 98 K i2H2b+QT2 BM kyRjX 6B;@
m`2 jXR b?Qrb i?2 b+?2KiB+ #HQ+F /B;`K Q7 i?2 LQ#2vK 98 K `2+2Bp2` bvb@
i2K 2[mBTT2/ rBi? M 6JGPX h?2 `2+2Bp2` bvbi2K +QKT`Bb2b i?2 irQ@#2K hw
7`QMi@2M/ `2+2Bp2` rBi?  +`vQ;2MB+ bmT2`+QM/m+iQ`@BMbmHiQ`@bmT2`+QM/m+iQ` UaAaV
KBt2` ULFDBK 2i HX- kyRjV M/ i?2 /B;BiH #+F2M/ bT2+i`QK2i2` aJ98- r?B+?
Bb M 2t+i +QTv Q7 i?2 GJ * +Q``2HiQ` UEKxFB 2i HX- kyRkV- r?BH2 r2
Dmbi mb2b  bBM;H2 A6 U bBM;H2 #2K M/  bBM;H2 TQH`BxiBQMVX q2 2KTHQv2/  bB;@
MH ;2M2`iQ`- ;BH2Mi 13k8d.- r?B+? Bb +T#H2 Q7 ;2M2`iBM;  +QMiBMmQmb rp2
U*qV ++Q`/BM; iQ  HBbi Q7 7`2[m2M+B2b ;Bp2M #v M Q#b2`p2`X 1+? 7`2[m2M+v BM i?2
HBbi Bb brBi+?2/ iQ #v 2ti2`MH hhG@+QKTiB#H2 `272`2M+2 i`B;;2`b QM2 #v QM2X h?2
i`B;;2` Bb T`Q/m+2/ rBi? M `#Bi``v rp27Q`K ;2M2`iQ`- ;BH2Mi 1jj8kRX h?2
rp27Q`K ;2M2`iQ` T`Q/m+2b  `2+iM;mH` rp2 rBi?  T2`BQ/ Q7 Ryy Kb- r?B+?
Bb bvM+?`QMBx2/ rBi? i?2 i2H2b+QT2 bvbi2K +HQ+F pB R TTb M/ Ry J>x `272`2M+2
bB;MHbX h?2 T2`BQ/ Kmbi #2 B/2MiB+H iQ i?2 bKTHBM; `i2 Q7 i?2 bT2+i`QK2i2`
QmiTmib- M/ i?2 T?b2 Q7 i?2 `2+iM;mH` rp2 Kmbi #2 bvM+?`QMBx2/ rBi? i?2
QMb2i Q7 /i +[mBbBiBQMfBMi2;`iBQMX h?2 HQ+H +QMi`QHH2` mMBi UG*lV Q7 i?2 98 K
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Signal Generator 
(Agilent E8257D)
1st LO 
Local Controller Unit
Telescope System 
COSMOS-3
Observer
Spectrometer
Raw 
Timestream
Antenna 
Log File
Frequency 
Modulation 
Pattern
Frequency 
Modulation 
Log File
Waveform Generator 
(Agilent 33521A)
~
A/D Converter
Ext. Trigger IN 
(system clock's 
1pps signal)
Reference 
10 MHz signalExt. Trigger IN
Input Input OutputOutputOutput
1st LO
Mixer
(rectangular 
signal at 10 Hz)
!!!Observation 
Table
!!
monitoring 
SG Trigger OUT
Antenna
multiplying
6B;m`2 jXR, "HQ+F /B;`K Q7 i?2 LQ#2vK 98 K `2+2Bp2` bvbi2K 2[mBTT2/ rBi? M 6JGPX h?2 bQHB/
``Qrb `2T`2b2Mi /B`2+iBQMb Q7 bB;MH M/ i?2 /b?2/ QM2b `2T`2b2Mi i?Qb2 Q7 /i Q` +QKKmMB+iBQM
#2ir22M BMbi`mK2MibX h?2 /B;`K b?Qrb j Hv2`b, UiQTV i?2 7`QMi2M/ `2+2Bp2` bvbi2K- r?2`2 _6
bB;MH 7`QK bFv M/ 7`2[m2+v@KQ/mHi2/ GP bB;MH `2 KBt2/ i i?2 aAa KBt2` M/ bm#b2[m2Mi A6 bB;MH
Bb MHQ;@iQ@/B;BiH +QMp2`i2/ M/ BMTmi iQ i?2 bT2+i`QK2i2`c UKB//H2V i?2 #+F2M/ bT2+i`QK2i2` M/
i2H2b+QT2 bvbi2K- r?2`2 i?2 *PaJPa@j +QMi`QHb #Qi? 7`QMi2M/ M/ #+F2M/c U#QiiQKV M Q#b2`p2`
r?Q +`2i2b M Q#b2`piBQM i#H2 7Q` i?2 6JGP M/ 7`2[m2M+v KQ/mHiBQM }H2 b BMTmib M/ `2+2Bp2b
i?2 `r iBK2bi`2K /i- 7`2[m2M+v KQ/mHiBQM M/ Mi2MM KQpBM; HQ; }H2b b QmiTmibX
i2H2b+QT2 bvbi2K U*PaJPa@jc JQ`Bi 2i HX UkyyjV- EKxFB 2i HX Ukyy8VV `2/b
i?2 7`2[m2M+v HBbi U 7`2[m2M+v KQ/mHiBQM Tii2`M }H2V ;Bp2M #v  mb2` #27Q`2 M
Q#b2`piBQM bi`ib M/ b2M/b i?2 HBbi iQ i?2 bB;MH ;2M2`iQ`X
PM+2 i?2 i2H2b+QT2 #2;BMb  bi#H2 i`+FBM;- i?2 `2+2Bp2` Bb T`QT2`Hv imM2/-
M/ i?2 bT2+i`QK2i2` b2imT Bb `2/v- i?2M i?2 G*l i`B;;2`b i?2 bB;MH ;2M2`iQ`
r?2M i?2 /i +[mBbBiBQM bi`ibX .m`BM; M 6JGP Q#b2`piBQM i?2 bT2+i`H /i
`2 `2+Q`/2/ i  `i2 Q7 Ry >x BM ivTB+HX h?Bb Bb K/2 BM i?2 QM@i?2@~v UPh6V
KQ/2 Q7 i?2 98 K Uar/ 2i HX- kyy3V- r?BH2 i?2 i2H2b+QT2 TQBMiBM; Kv bi`2
i  bBM;H2 TQBMi QM i?2 bFvX h?2 98 K Ph6 +QMi`QH K2i?Q/b Q7 i?2 Mi2MM- i?2
bT2+i`QK2i2`- .QTTH2` i`+FBM; Q7 i?2 `2+2Bp2`- M/ /i 7Q`KiiBM; `2 T`2b2Mi2/
#v Uar/ 2i HX- kyy3VX .m`BM; i?2 Q#b2`piBQM- i?2 G*l r`Bi2b i?2 7`2[m2M+v
M/ iBK2biKT M/ bp2b i?2K b  7`2[m2M+v HQ; }H2X i i?2 bK2 iBK2- i?2
bT2+i`QK2i2` `2+Q`/b  b2`B2b Q7 bT2+i` i Ry >x- #mi Bi /Q2b MQi FMQr r?i i?2
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Nobeyama 45m Receiver Room
(TZ 100)
1st LO SG
(Agilent E8257D)
Receiver
Function Generator
(Agilent 33521A)
1st LO LC
(Shuttle XH6100V)
6B;m`2 jXk, UH27iV h?2 LQ#2vK 98 K i2H2b+QT2 i LQ#2vK- L;MQ- CTMX U+2Mi2`- `B;?iV
S?QiQb Q7 i?2 `2+2Bp2` `QQK Q7 LQ#2vK 98 K HQ+i2/ i i?2 #2M2i? i?2 Mi2MMX h?2 BMbi`mK2Mib
r2 miBHBx2/ 7Q` i?2 6JGP Q#b2`piBQMb `2 BM/B+i2/ b +QHQ`2/ /b?2/ #Qt2b rBi? Bib MK2bX
Q#b2`pBM; 7`2[m2M+v +imHHv Bb- bQ i?2 bT2+i`H /i M/ i?2 7`2[m2M+v HQ; /i
`2 K2`;2/ #27Q`2 /i MHvbBbX
h?2 bvM+?`QMBxiBQM #2ir22M i?2 7`2[m2M+v KQ/mHiBQM M/ i?2 bvbi2K +HQ+F
Kmbi +`27mHHv #2 /Dmbi2/ #27Q`2 Q#b2`piBQMb M/ Bb KQMBiQ`2/ #v i?2 G*l #v
`2+2BpBM;  hhG 2ti2`MH i`B;;2` bB;MH 7`QK i?2 bB;MH ;2M2`iQ`X 6B;m`2 jXj
b?Qrb i?2 pQHi;2b Q7 i?2 `272`2M+2 i`B;;2` M/ R TTb bB;MH b  7mM+iBQM Q7 iBK2-
r?B+? b?Qrb ++m`i2 2MQm;? bvM+?`QMBxiBQMX h?2 ivTB+H 2``Q` BM bvM+?`QMBx@
iBQM Bb #2ii2` i?M ≃ 200 µb- r?B+? Bb r2HH #2HQr  ivTB+H /r2HH iBK2 Q7  bBM;H2
7`2[m2M+v URyy KbVX h?2 bvM+?`QMBxiBQM #2ir22M i?2 /i +[mBbBiBQM Q7 i?2 bT2+@
i`QK2i2` M/ i?2 bvbi2K +HQ+F Kmbi HbQ #2 /Dmbi2/ #27Q`2 Q#b2`piBQMb, A7 i?2
iBK2 Q7 +?M;BM; GP 7`2[m2M+v M/ i?i Q7 bi`iBM; /i +[mBbBiBQM `2 b?B7i2/-
2+? bT2+i`H /imK Bb TQbbB#H2 iQ #2 +QMiKBMi2/ rBi? H2FBM; bB;MH r?B+? Bb
Q#iBM2/ rBi? Mi2+2/2Mi GP 7`2[m2M+v UbT2+i`mK H2FBM;VX q2 /Dmbi2/ i?Bb
bvM+?`QMBxiBQM M/ +QM}`K2/ i?i i?2 bT2+i`mK H2FBM; /B/ MQi Q++m` #27Q`2
bi`QMQKB+H Q#b2`piBQMb rBi? i?2 6JGP K2i?Q/ #v Q#b2`pBM; bT2+i` Q7 #`B;?i
aBP Kb2` rBi? +?M;BM; i?2 i`B;;2` /2Hv T`K2i2` r?B+? /272`b  bi`i iBK2
Q7  rp27Q`K ;2M2`iQ`Ƕb QmiTmi U`2+iM;mH` rp2V 7i2` i`B;;2`2/ #v i?2 RTTb
bB;MH Q7 i?2 bvbi2K +HQ+FX h?Bb rBHH #2 /Bb+mbb2/ BM Ȝ 8XkXkX
LQi2 i?i Bi ivTB+HHv iF2b ! 8 Kb iQ b2iiH2 i?2 ;2M2`i2/ GP 7`2[m2M+v 7i2`
i?2 7`2[m2M+v Bb b2i 7`QK QM2 iQ MQi?2` Ub22 6B;m`2 jXjVX h?2 13k8d. bB;MH
je
6B;m`2 jXj, h?2 K2bm`2/ bB;MHb Q7 RTTb bvbi2K +HQ+F UiQTV M/ Rbi GP bB;MH ;2M2`iQ`Ƕb `272`2M+2
i`B;;2` U#QiiQKV Q7 LQ#2vK 98 K BM mMBib Q7 pQHi;2X h?2 H27i TM2H b?Qrb ∆t = 150 Kb pB2r Q7
i?2K- r?2`2 RTTb bB;MH `Bb2b i t = 0 Kb r?BH2 i?2 i`B;;2` bB;MH 7HHb bvM+?`QMBx2/ rBi? RTTb +HQ+FX
h?2 bm#b2[m2Mi ∆t ≃ 8 Kb pQHi;2 /`QTTBM; i 0 o Bb ii`B#mi2/ iQ i?2 b2iiHBM; iBK2 Q7 i?2 bB;MH
;2M2`iQ`- r?2`2 Bi /Q2bMǶi ;2M2`i2 bB;MH 7Q` GP M/ i?mb i?2 aAa KBt2` Bb mMpBH#H2X h?2 `B;?i
TM2H b?Qrb i?2 bK2 `2bmHib- #mi Q7 ∆t = 2 Kb pB2r `QmM/ t = 0 Kb- r?B+? /2KQMbi`i2b i?i i?2
iBK2 bvM+?`QMBxiBQM 2``Q` Bb #2ii2` i?M 200 µbX
;2M2`iQ` UBX2X- GPV /Q2b MQi QmiTmi Mv *q bB;MH /m`BM; i?2 BMi2`pH BM r?B+?
i?2 7`2[m2M+v Bb ;QBM; iQ b2iiH2 iQ  T`Q;`KK2/ QM2 Ui?2 b2iiHBM; iBK2- ?2`27i2`VX
h?Bb KF2b i?2 aAa /2pB+2 /2+iBpi2/ i2KTQ`HHv- M/ i?mb i?2 aAa Bb mMpBH#H2
QMHv /m`BM;  b?Q`i T2`BQ/ Q7 iBK2 U! 8 KbVX h?Bb +mb2b  b2MbBiBpBiv HQbb Q7
! 4% 7Q`  /r2HH iBK2 Q7 Ryy Kb UBX2X- √(100− 8)/100 ≃ 0.96VX h?2 /2+`2K2Mi
Q7 bi`QMQKB+H bB;MHb Bb +Q``2+i2/ BM M BMi2MbBiv +HB#`iBQM T`Q+2bb- M/ r2
+QM}`K2/ i?i i?Bb rQ`Fb +Q``2+iHv #v +QKT`BM; i?2 bT2+i`mK Q#iBM2/ rBi? i?2
+QMp2MiBQMH TQbBiBQM brBi+?BM; K2i?Q/X
jXj ah1 RyK
q2 BMbiHH2/ i?2 6JGP bvbi2K QM i?2 ah1 Ry K i2H2b+QT2 U1xr 2i HX- kyy9-
kyy3V BM kyRk M/ kyReX h?2 ah1 `2+2Bp2` bvbi2K 2[mBTT2/ rBi? M 6JGP
Bb bBKBH` iQ i?i Q7 i?2 LQ#2vK 98 K- #mi i?2 `2+2Bp2` M/ bT2+i`QK2i2` `2
/Bz2`2MiX h?2 `2+2Bp2` bvbi2K +QKT`Bb2b i?2 .a> j98 Q` i?2 ah1 "M/ 3
UaiQm 2i HX- kyy3V 7`QMi@2M/ `2+2Bp2`b rBi?  +`vQ;2MB+ aAa KBt2`b M/ i?2 /B;BiH
#+F2M/ bT2+i`QK2i2` J* UaQ`B 2i HX- kyyyV- r?BH2 r2 Dmbi mb2  bBM;H2 A6 U
bBM;H2 TQH`BxiBQMVX
jd
ASTE 10m Receiver Cabin
(DASH 345)
Receiver
1st LO SG
(Agilent E8257D)
1st LO LC
(Shuttle XH6100V)
Function Generator
(Agilent 33521A)
6B;m`2 jX9, UH27iV h?2 ah1 Ry K i2H2b+QT2 i SKT G "QH- MiQ7;bi- *?BH2X U+2Mi2`- `B;?iV
S?QiQb Q7 i?2 `2+2Bp2` +#BM Q7 ah1 Ry K HQ+i2/ i i?2 #2M2i? i?2 Mi2MMX h?2 BMbi`mK2Mib
r2 miBHBx2/ 7Q` i?2 6JGP Q#b2`piBQMb `2 BM/B+i2/ b +QHQ`2/ /b?2/ #Qt2b rBi? Bib MK2bX
q2 /Dmbi2/ i?2 bvM+?`QMBxiBQM #2ir22M i?2 7`2[m2M+v KQ/mHiBQM M/ i?2
bvbi2K +HQ+FX 6B;m`2 jX8 b?Qrb i?2 pQHi;2b Q7 i?2 `272`2M+2 i`B;;2` M/ R TTb bB;MH
b  7mM+iBQM Q7 iBK2- r?B+? b?Qrb ++m`i2 2MQm;? bvM+?`QMBxiBQMX h?2 ivTB+H
2``Q` BM bvM+?`QMBxiBQM Bb #2ii2` i?M≃ 200 µb- r?B+? Bb r2HH #2HQr  ivTB+H /r2HH
iBK2 Q7  bBM;H2 7`2[m2M+v URyy KbVX q2 HbQ /Dmbi2/ bvM+?`QMBxiBQM #2ir22M
/i +[mBbBiBQM Q7 i?2 bT2+i`QK2i2` M/ i?2 bvbi2K +HQ+F M/ +QM}`K2/ i?i i?2
bT2+i`mK H2FBM; /B/ MQi Q++m` #v Q#b2`pBM; bT2+i` Q7 i?2 iKQbT?2`B+ *PUjĜkV
`QiiBQMH HBM2 rBi? +?M;BM; i?2 i`B;;2` /2Hv T`K2i2`X h?Bb rBHH #2 /Bb+mbb2/
BM Ȝ 8XkXkX
j3
6B;m`2 jX8, h?2 K2bm`2/ bB;MHb Q7 RTTb bvbi2K +HQ+F UiQTV M/ Rbi GP bB;MH ;2M2`iQ`Ƕb `272`2M+2
i`B;;2` U#QiiQKV Q7 ah1 Ry K BM mMBib Q7 pQHi;2X h?2 H27i TM2H b?Qrb ∆t = 150 Kb pB2r Q7 i?2K-
r?2`2 RTTb bB;MH /`QTb i t = 0 Kb r?BH2 i?2 i`B;;2` bB;MH `Bb2b bvM+?`QMBx2/ rBi? RTTb +HQ+F UbB;Mb
Q7 bB;MHb `2 `2p2`b2/ +QKT`2/ iQ i?Qb2 Q7 LQ#2vK 98 KVX h?2 bm#b2[m2Mi ∆t ≃ 8 Kb pQHi;2
/`QTTBM; i 0 o Bb ii`B#mi2/ iQ i?2 b2iiHBM; iBK2 Q7 i?2 bB;MH ;2M2`iQ`- r?2`2 Bi /Q2bMǶi ;2M2`i2
bB;MH 7Q` GP M/ i?mb i?2 aAa KBt2` Bb mMpBH#H2X h?2 `B;?i TM2H b?Qrb i?2 bK2 `2bmHib- #mi Q7
∆t = 2 Kb pB2r `QmM/ t = 0 Kb- r?B+? /2KQMbi`i2b i?i i?2 iBK2 bvM+?`QMBxiBQM 2``Q` Bb #2ii2`
i?M 200 µbX
jN
aT2+BH +b2b `2MǶi bT2+BH 2MQm;? iQ #`2F i?2
`mH2bX Hi?Qm;? T`+iB+HBiv #2ib Tm`BivX
6`QK i?2 w2M Q7 Svi?QM- #v hBK S2i2`b
4
aB;MH S`Q+2bbBM;
h?Bb +?Ti2` /2b+`B#2b i?2 bB;MH T`Q+2bbBM; 7Q` Q#b2`p2/ 6JGP /i M/ i?2
TBT2HBM2 H;Q`Bi?K mb2/ BM i?2 +imH /i `2/m+iBQMX q2 2tT`2bb i?2 Q#b2`piBQM
2[miBQMb Q7 i?2 QM2@HQ/ +?QTT2` r?22H K2i?Q/ UbQ +HH2/ _@aEu +HB#`iBQM-
b22 Ȝ RXRXjV r?B+? `2T`2b2Mi `2HiBQMb #2ir22M Q#b2`p2/ [mMiBiB2b M/ Mi2MM
i2KT2`im`2b UȜ 9XRVX h?2 bB;MH T`Q+2bbBM; ?b 7Qm` bi2Tbc ;BM +Q``2+iBQM UȜ 9XkV-
BMi2MbBiv +HB#`iBQM UȜ 9XjV- M/ +Q``2Hi2/ +QKTQM2Mi `2KQpH UȜ 9X9VX 6BMHHv-
r2 T`2b2Mi  TBT2HBM2 H;Q`Bi?K Q7 2M/@iQ@2M/ /i `2/m+iBQM 7Q` Q#b2`piBQMb
mbBM; i?2 6JGP K2i?Q/ r?B+? Bi2`iBp2Hv 2t2+mi2b i?2b2 bi2Tb iQ 2biBKi2 i?2
}MH T`Q/m+i UȜ 9X8VX h?2 b+?2KiB+ /B;`K Q7 i?2 r?QH2 bB;MH T`Q+2bbBM; Bb
BHHmbi`i2/ BM };m`2 9XRX h?`Qm;?Qmi i?2 bB;MH T`Q+2bbBM;- r2 bbmK2 i?2 7QHHQrBM;
+QM/BiBQMb,
Ç h?2 T?vbB+H i2KT2`im`2 Q7 iKQbT?2`2- TAtm- Bb 2[mH iQ i?i Q7 `2+2Bp2`
`QQK- TRoom- #2+mb2 r2 mb2 i?2 QM2@HQ/ +?QTT2` r?22H K2i?Q/ 7Q` i?2
BMi2MbBiv +HB#`iBQM
Ç h?2 Q#b2`piBQM Bb +``B2/ Qmi rBi?  irQ bB/2#M/ Uka"V KBt2` r?Qb2 BK@
;2 `2D2+iBQM `iBQ- R- Bb Km+? H2bb i?M mMBiv UKQ`2 i?M Ry /" Q7 BK;2
`2D2+iBQM UR < 0.1V Bb 2tT2+i2/V
9y
Ç h?2 +Q``2Hi2/ +QKTQM2Mib Q7 QT+Biv- τC- Bb 2[mH iQ i?i 7`QK i?2 BK;2
bB/2#M/- τC,i
Ç h?2 +Q``2Hi2/ +QKTQM2Mib Q7 Mi2MM i2KT2`im`2 Q7 bi`QMQKB+H bB;MH-
T C- Bb 2[mH iQ i?i 7`QK i?2 BK;2 bB/2#M/- T C,i- M/ i?2b2 irQ +QKTQ@
M2Mib `2 Km+? H2bb i?M TAtm
Ç "Qi? PL@TQBMi M/ HQ/ K2bm`2K2Mib `2 Q#iBM2/ #v i?2 bK2 bT2+i`QK2@
i2` UBX2X- i?2 bK2 A6 7`2[m2M+v `M;2V- M/ i?2 +2Mi2` 7`2[m2M+B2b Q7 Q#b2`p2/
#M/- νRF(n)- /m`BM; M 7`2[m2M+v@KQ/mHiBM; Q#b2`piBQM +Qp2` i?i Q7 i?2
`272`2M+2 Q#b2`piBQM- νRF,0
9R
PON GFM PLoad
PON,corr
TCalib TAtm TC
TCTAst
TA*
÷
-
modeling 
astronomical 
line emission 
by PCA
modeling 
atmospheric 
line emission 
by EMPCA
intensity 
calibration
estimating 
FM gain
cleaned 
timestream
-
iteration
iteration
demodulation TA*
ch
t
ch
t
6B;m`2 9XR, a+?2KiB+ /B;`K Q7 M Qp2`pB2r Q7 bB;MH T`Q+2bbBM; 7`QK ;BM +Q``2+iBQM UȜ 9XkV
iQ +Q``2Hi2/ +QKTQM2Mi `2KQpH UȜ 9X9VX 1+? BK;2 Bb  /2KQ/mHi2/ iBK2bi`2K UiBK2 tBb Bb
p2`iB+H QM2V r?Qb2 H#2H Bb mb2/ BM i?2 TBT2HBM2 H;Q`Bi?K RX P`M;2 ``Qrb BM/B+i2 bQK2 2biBKiBQM
T`Q+2bb2b- M/ ;`v QM2b BM/B+i2 bQK2 QT2`iBQM #2ir22M  iBK2bi`2K M/ 2bBKi2/ QM2 BM 2+?
bi2TX P`M;2 ``Qrb Q7 #Qi? /B`2+iBQMb BM/B+i2 Bi2`iBp2 T`Q+2bb2bX a22 i?2 7QHHQrBM; b2+iBQMbX
9k
9XR P#b2`piBQM 2[miBQMb
6Q` 2Bi?2` bT2+i`H Q` KTTBM; Q#b2`piBQMb mbBM; i?2 6JGP K2i?Q/- r2 Q#iBM
i?2 KQ/mHi2/ iBK2bi`2K Q7 i?2 PL@TQBMi bT2+i` r?B+? Bb T`QTQ`iBQMH iQ BM+B@
/2Mi TQr2`- PON,
PON = GONkB
{
η
[
T Aste−τ + TAtm(1− e−τ )
+R
(
T Ast,ie−τ
i
+ T Atm(1− e−τ i)
) ]
+ (1 +R)
[
(1− η)TRoom + TRX]1} U9XRV
r?2`2 GON Bb i?2 /BK2MbBQMH2bb iBK2bi`2K Q7 ;BM- kB Bb i?2 "QHixKMM +QMbiMi-
M/ TRX Bb i?2 `2+2Bp2` MQBb2 i2KT2`im`2 UQi?2` bvK#QHb `2 i?2 bK2 b i?Qb2
/2b+`Bp2/ BM Ȝ kX9VX
h?2 HQ/ K2bm`2K2Mi Bb ;2M2`HHv +``B2/ Qmi QM+2 i i?2 `272`2M+2 _6 7`2@
[m2M+v- νRF,0 #2ir22M PL@TQBMi Q#b2`piBQMb M/ i?mb `2T`2b2Mi2/ b D@/BK2MbBQM
p2+iQ`X 6Q` i?2 +QMp2MB2M+2 Q7 Ki`Bt +QKTmiiBQM- ?Qr2p2`- r2 +QM+i2Mi2 i?2
HQ/ bT2+i`mK N iBK2b iQ KF2  D × N Ki`Bt UMQi  iBK2bi`2KV r?B+? Bb
T`QTQ`iBQMH iQ TQr2`- P Load,
P Load = GLoadkB(1 +R)
(
TRoom + TRX
)
=
(
g0g0 . . . g0︸ ︷︷ ︸
N
)
kB(1 +R)
(
TRoom + TRX
) U9XkV
r?2`2 g0 Bb i?2 /BK2MbBQMH2bb p2+iQ` Q7 ;BM i νRF = νRF,0X
q2 MQi2 i?i i?2 b+H` pHm2 Q7 M BK;2 `2D2+iBQM `iBQ- R- Bb BMi`BMbB+HHv
2tT`2bb2/ b i?2 iBK2bi`2K- R = GON,i/GON- r?2`2 GON,i Bb i?2 /BK2MbBQMH2bb
;BM Q7 i?2 BK;2 bB/2#M/X aBM+2 GON,i Bb KQ/mHi2/ `2p2`b2Hv Ub22 Ȝ kXjV- 2H2@
K2Mib Q7 R `2 2tT2+i2/ MQi iQ #2 2[mH iQ R #mi ?p2 bQK2 p`BiBQM `QmM/
RX q2 +M M2p2`i?2H2bb 2tT`2bb R b R #2+mb2 bm+? p`BiBQM Bb bKHH 2MQm;?
U< R < 1V 7`QK i?2 bbmKTiBQMb /2b+`B#2/ #Qp2 M/ i?2 2z2+i QM BMi2MbBiv
+HB#`iBQM Bb i?mb M2;HB;B#H2X JQ`2Qp2`- i?2 p`BiBQM Q7 i?2 +HB#`i2/ Mi2MM
i2KT2`im`2- T calib- Bb }MHHv KQ/2H2/ M/ bm#i`+i2/ #v i?2 +Q``2Hi2/ MQBb2 `2@
9j
KQpH #2+mb2 i?2 p`BiBQM Bb 2tT2+i2/ iQ #2 +Q``2Hi2/ UQM2 Q7 i?2 +QMi`B#miQ`b
Q7 EC BM 2[miBQM kXRdVX h?2 /2iBH2/ /27Q`KiBQM Q7 i?2 Q#b2`piBQM 2[miBQMb
`2 /2b+`B#2/ BM TT2M/Bt "X
9Xk :BM +Q``2+iBQM
h?2 +QMp2MiBQMH MQM@6J TQbBiBQM brBi+?BM; K2i?Q/ bbmK2b i?i i?2 ;BM /Q2b
MQi +?M;2 #2ir22M PL@TQBMi M/ HQ/ K2bm`2K2Mib UBX2X- GON ≃ GLoadVX AM
i?2 6JGP K2i?Q/- ?Qr2p2`- i?2 iBK2bi`2K Q7 PL@TQBMi ;BM Bb KQ/mHi2/ M/
i?mb ?b bQK2 /2T2M/2M+2b QM Q#b2`p2/ 7`2[m2M+B2bX "27Q`2 BMi2MbBiv +HB#`iBQM-
Bi Bb M2+2bb`v iQ KQ/2HGON #v 2biBKiBM; 7`2[m2M+v@KQ/mHiBQM@/2T2M/2Mi ;BM-
GFM- M/ /BpB/BM; i?2K 7`QK GONX
aBM+2 i?2 t2b Q7  iBK2bi`2K `2 b 7mM+iBQMb Q7 A6 7`2[m2M+v U7`2[m2M+v tBbV
M/ GP 7`2[m2M+v UiBK2 tBbV- i?2 KQ/mHiBQM Q7  iBK2bi`2K Bb +?`+i2`Bx2/ #v
A6ĜGP 7`2[m2M+v bT+2- M/ 2+? A6 7`2[m2M+v +?MM2H Kv ?p2 bQK2 /2T2M/2M+v
QM 7`2[m2M+v KQ/mHiBQM Q7 GPX AM i?2 ;BM +Q``2+iBQM- r2 bbmK2 i?i i?2 PL@
TQBMi ;BM +M #2 2tT`2bb2/ b  T`Q/m+i Q7 M 6J@/2T2M/2Mi i2`K- GFM- M/ 
6J@BM/2T2M/2Mi i2`K- G0- i  `272`2M+2 7`2[m2M+v- νRF,0,
GON = GFMG0 =
(
gFM1 g
FM
2 . . . g
FM
D︸ ︷︷ ︸
D
)T (
g0g0 . . . g0︸ ︷︷ ︸
N
) U9XjV
r?2`2 gFMd `2T`2b2Mib i?2 6J ;BM Q7 2+? A6 7`2[m2M+v +?MM2HX q2 ?2`27i2`
+HH GFM ǳ6J ;BMǴ- M/ G0 ǳ`272`2M+2 ;BMǴX AM Q`/2` iQ +Q``2+i 7Q` 6J ;BM-
r2 ?p2 irQ +?QB+2b Q7 Q#b2`pBM; bi`i2;v,
RX hQ Q#iBM M 6J iBK2bi`2K Q7 PL@TQBMi M/  bT2+i`mK Q7 i?2 HQ/ rBi?Qmi
7`2[m2M+v KQ/mHiBQM- r?2`2 6J ;BM b?QmH/ #2 2biBKi2/ 7`QK PL@TQBMi
iBK2bi`2K Bib2H7- 7i2` bm#i`+iBM; iKQbT?2`B+ M/ bi`QMQKB+H bB;MHbX
kX hQ Q#iBM 6J iBK2bi`2Kb Q7 #Qi? PL@TQBMi M/ HQ/- r?2`2 6J ;BM
+M #2 2biBKi2/ 7`QK i?2 HQ/ K2bm`2K2MibX AM i?i +b2- Q#b2`piBQM
2[miBQM Q7 P Load Bb b 7QHHQrb,
P Load = GFMG0kB(1 +R)
(
TRoom + TRX
) U9X9V
99
PON GFMPON,sorted
Sort by ξ(n) Smoothing, division by a vector at ξ(n)=0 Inverse-sort
GFM,sorted t
chchchch
t
00 0
ξ(n) ξ(n)ξ(n)
6B;m`2 9Xk, a+?2KiB+ /B;`K Q7 ;BM +Q``2+iBQM 7`QK  PL@TQBMi iBK2bi`2K Bib2H7X hQT BK;2b
`2T`2b2Mi KQ/mHi2/ iBK2bi`2Kb U7`2[m2M+v Q` A6 tBb Bb ?Q`BxQMiH QM2V- M/ #QiiQK 7mM+iBQMb `2
6J +Q``2bTQM/BM; 2+? iBK2bi`2KX PON Bb bQ`i2/ ++Q`/BM; iQ Bib 6J +?MM2H- ξ(n)X h?2M bQ`i2/
PL@TQBMi iBK2bi`2K `2 bKQQi?2/ #v i?2 apBixFv@:QHv }Hi2` M/ 2+? `Qr p2+iQ` Bb /BpB/2/ #v
QM2 r?Qb2 6J +?MM2H Bb ξ(n) = 0- r?B+? Bb 2[mBpH2Mi iQ Q#iBM  bQ`i2/ 6J ;BM- GFM,sortedX q2
}MHHv BMp2`b2@bQ`i Bi iQ Q#iBM i?2 2biBKiBQM Q7 GFMX
h?2 Hii2` Bb 2tT2+i2/ iQ #2 #2ii2` 2biBKiBQM- ?Qr2p2`- r2 +?QQb2 i?2 7Q`K2`
BM QM@bBi2 p2`B}+iBQM /2b+`B#2/ BM +?Ti2` 8 #2+mb2 HQ/ K2bm`2K2Mi rBi? 7`2@
[m2M+v KQ/mHiBQM Bb MQi BKTH2K2Mi2/ v2i BM #Qi? LQ#2vK 98 K M/ ah1
Ry KX
q2 ?2`27i2` /2b+`B#2 ?Qr iQ 2biBKi2 6J ;BM 7`QK M PL@TQBMi iBK2bi`2K
Bib2H7 Ui?2 }`bi +?QB+2VX PM+2 r2 Q#iBM PON- r2 `2``M;2 Bib bT2+i` bQ i?i
i?2B` BM+B/2Mi 6J +?MM2Hb- ξ(n)- `2 bQ`i2/ BM b+2M/BM; Q`/2`X h?2M r2 TTHv
BMi2`TQHiBQM iQ 2+? `Qr p2+iQ` Q7 Bi iQ KF2  bQ`i2/ M/ `2bKTH2/ PL@TQBMi
iBK2bi`2K HQM; 6J +?MM2Hb- PON,sorted- b  D ×M Ki`BtX M Bb i?2 T2F@
iQ@T2F MmK#2` Q7 6J +?MM2Hb Q#iBM2/ /m`BM; M 6JGP Q#b2`piBQMc 7Q` 2t@
KTH2- B7 r2 Q#iBM M PL@TQBMi iBK2bi`2K r?Qb2 6J +?MM2H `2+?2b @Ryk9 +?
b i?2 KBKBKmK pHm2 M/ YRyk9 +? b i?2 KtBKmK pHm2- M rBHH #2 ky9N
U= 2048 − (−2048) + 1VX LQr r2 TTHv i?2 apBixFv@:QHv }Hi2` UapBixFv 
:QHv- RNe9V- QM2 Q7 i?2 bKQQi?BM; }Hi2`b- iQ 2+? `Qr Q7 PON,sorted iQ KQ/2H 
98
bKQQi?2/ ;BM +m`p2 Q7 2+? A6 +?MM2HX q2 +?QQb2 rBM/Qr H2M;i?- lwindow- M/
Q`/2` Q7 TQHvMQKBMH Q7 i?2 apBixFv@:QHv }Hi2`- Norder- bQ i?i i?2 `2bmHiBM;
KQ/2H Bb bKQQi? 2MQm;? iQ `2T`2b2Mi Qp2`HH 72im`2b Q7 i?2 ;BM +m`p2 #mi MQi
iQ }i MQBbv 72im`2b UBX2X- Qp2`}iiBM;VX 6BMHHv r2 2biBKi2  D × N bKQQi?2/
iBK2bi`2K- PON,smoothed- 7`QK i?2 ;BM +m`p2 Q7 2+? A6 +?MM2Hc 2+? +QHmKM
p2+iQ` Q7 PON,smoothed Bb }HH2/ rBi? i?2 pHm2b Q7 2+? ;BM +m`p2 i +Q``2bTQM/BM;
ξ(n)X h?2 6J ;BM Bb i?mb /2`Bp2/ #v i?2 7QHHQrBM; 2[miBQM,
GFM = PON,smoothed/PON,smoothed,0 U9X8V
r?2`2 PON,smoothed,0 Bb  D×N Ki`Bt 2+? +QHmKM p2+iQ` Q7 r?B+? Bb }HH2/ rBi?
i?i Q7 PON,smoothed i ξ(n) = 0 UBX2- `272`2M+2 7`2[m2+v- νRF,0VX LQi2 i?i r2
+MMQi /2`Bp2 i?2 `272`2M+2 ;BM #2+mb2 G0 Bb +QmTH2/ rBi? T @`2Hi2/ i2`Kb BM
i?2 2[miBQM 9XR M/ i?mb r2 /Q MQi FMQr i?2 #bQHmi2 pHm2 Q7 BiX 1biBKiBM;
GFM 7Q` i?2 b2+QM/ +?QB+2 Bb i?2 bK2 T`Q+2/m`2b b i?2 }`bi QM2X h?2 b+?2KiB+
/B;`K Q7 ;BM +Q``2+iBQM Bb BHHmbi`i2/ BM };m`2 9XkX
6BMHHv r2 Q#iBM i?2 6J@;BM@+Q``2+`2/ iBK2bi`2Kb Q7 PL@TQBMi M/ HQ/-
`2bT2+iBp2Hv,
PON,corr ≡ PON/GFM U9XeV
P Load,corr ≡
⎧⎨⎩P Load/GFM (with FMmeasurement)P Load (without FMmeasurement) U9XdV
9Xj AMi2MbBiv +HB#`iBQM
7i2` i?2 6J ;BM +Q``2+iBQM- r2 T`Q+22/ iQ i?2 #bQHmi2 BMi2MbBiv +HB#`iBQM iQ
Q#iBM  KQ/mHi2/ iBK2bi`2K Q7 M Mi2MM i2KT2`im`2 BM i?2 T ∗A b+H2X q2
+M 2tT`2bb Bi BM i?2 bK2 KMM2` b i?2 QM2@HQ/ +?QTT2`@r?22H +HB#`iBQM mbBM;
6J@;BM@+Q``2+i2/ iBK2bi`2Kb,
T Calib ≡ (1 +R)TAtm P
ON,corr −medn(PON,corr)
P Load,corr −medn(PON,corr) U9X3V
9e
r?2`2 medn :X →X Bb  KTTBM; r?B+? +QKTmi2b i?2 K2/BM Q7  ;Bp2M Ki`Bt
HQM; i?2 iBK2 tBb rBi? F22TBM; Bib b?T2,
medn(X)dn = median({xd1, xd2, . . . , xdN}) U9XNV
h?2 i2`K Q7 medn(PON,corr) +M T`QpB/2b i?2 2biBKi2/ iBK2bi`2K Q7 P66@TQBMi
K2bm`2K2Mib rBi?Qmi iBK2 pB`iBQMX lM/2` i?2 bbmKTiBQMb /2b+`B#2/ #Qp2-
i?Bb vB2H/b  KQ/mHi2/ iBK2bi`2K Q7 Mi2MM i2KT2`im`2b bBKBH` iQ 2[m@
iBQM kXR9,
T Calib ≃ T NCe−τ¯ + TAtm(1− e−τ¯ )
+R
[
T NC,ie−τ¯
i
+ TAtm(1− e−τ¯ i)
]
U9XRyV
r?2`2 τ¯ (i)» Bb i?2 K2/BM@bm#i`+i2/ QT+Biv Q7 iKQbT?2`2,
τ¯ (i) ≡ τ (i) −medn(τ (i)) U9XRRV
 /Bz2`2M+2 Q7 2[miBQM 9XRy 7`QK 2[miBQM kXR9 Bb i?i i?2 +Q``2Hi2/ +QKTQ@
M2Mib Q7 T C(,i) `2 H`2/v bm#i`+i2/ #v medn(PON,corr)X MQi?2` /Bz2`2Mi TQBMi
Bb i?i i?2 QT+Biv i2`Kb Q7 τ¯ (i) Bb +QKTQb2/ Q7 τNC(,i) M/ K2/BM@bm#i`+2/
τC(,i)- r?B+? bbmK2b i?i τ¯ (i) ~m+imi2 `QmM/ x2`QX 7i2` +Q``2Hi2/ +QKTQM2Mi
`2KQpH UȜ 9X9V- ?Qr2p2`- i?Bb vB2H/b i?2 bK2 ǳ+H2MǴ2/ iBK2bi`2K- T Clean- b
i?i /2b+`B#2/ BM 2[miBQM kXR3X h?2 /2iBH2/ /27Q`KiBQM 7`QK 2[miBQM 9X3 iQ
9XRy Bb /2b+`B#2/ BM i?2 TT2M/Bt "X
9X9 *Q``2Hi2/ +QKTQM2Mi `2KQpHÞ
q2 2biBKi2 M/ bm#i`+i +Q``2Hi2/ +QKTQM2Mib #v T`BM+BTH +QKTQM2Mib MH@
vbBb US*V rBi? bQK2 KQ/B}+iBQMbX S* Bb Q`B;BMHHv M Q`i?Q;QMH Ki`Bt
»r2 ?2`27i2` 2tT`2bb X M/ X i b X(i) B7 i?2v `2 MQi M2+2bb`v iQ #2 /BbiBM;mBb?2/
ÞrBi?BM i?2 b2+iBQM- 2tT`2bbBQMb Q7 Ki`Bt T`Q/m+i UXY - 7Q` 2tKTH2V `2 BMi2M/2/ iQ +QK@
Tmi2 /Qi T`Q/m+i- MQi 2H2K2Mi@rBb2 QM2X r2 HbQ MQi2 i?i r2 mb2  MK2 Q7 +Q``2Hi2/ ǳ+QKTQ@
M2MiǴ `2KQpH UMQi MQBb2V #2+mb2 MQi QMHv MQBb2 #mi HbQ +Q``2Hi2/ 2KBbbBQM bm+? b +QMiBMmmK
`2 KQ/2H2/ M/ `2KQp2/ rBi? i?Bb bB;MH T`Q+2bbBM;
9d
i`Mb7Q`KiBQM r?B+? +QMp2`ib M Q#b2`p2/ UTQbbB#HvV +Q``2Hi2/ Ki`Bt- X UD
p`B#H2b M/ N bKTH2b- 7Q` 2tKTH2V BMiQ HBM2`Hv MQM@+Q``2Hi2/ QM2- C,
X = PC ⇔ C = P TX U9XRkV
r?2`2 P Bb D×min(D,N) Q`i?Q;QMH Ki`Bt Q7 #bBb p2+iQ`b b  i`Mb7Q`KiBQM
Ki`Bt r?B+? Bb i?2 b2i Qi 2B;2Mp2+iQ`b Q7 i?2 +Qp`BM+2 Ki`Bt Q7 XX C Bb 
min(D,N)×N Ki`Bt +HH2/ T`BM+BTH +QKTQM2Mib #2+mb2 Bi Bb /2}M2/ bm+? i?i
i?2 }`bi T`BM+BTH +QKTQM2Mi ?b i?2 H`;2bi p`BM+2 M/ bm#b2[m2Mi QM2b ?p2
i?2 b2+QM/- i?B`/- Ę H`;2bi p`BM+2b- M/ `2 Q`i?Q;QMH iQ i?2 Qi?2` +QKTQM2MibX
S* Bb rB/2Hv mb2/ iQ- 7Q` 2tKTH2- 2ti`+i 72im`2b Q7 /i rBi? 72r2` U< DV
p`B#H2b- Q` pBbmHBx2 ?B;? /2K2MbBQMH /i b  irQ@ Q` i?`22@/BK2MbBQMH THQi
UCQHHBz2- kyykVX
6`QK i?2 pB2rTQBMi Q7 +Q``2Hi2/ +QKTQM2Mi `2KQpH- S* Bb M 2z2+iBp2
rv Q7 2biBKiBM; bm+? +QKTQM2Mib #2+mb2 Bi Bb QM2 Q7 HQr@`MF TT`QtBKiBQM
K2i?Q/b Q7  Ki`BtX *Q``2Hi2/ +QKTQM2Mib +M #2 KQ/2H2/ b  `2+QMbi`m+iBQM
Q7 X rBi? QMHv K(< min(D,N)) H`;2bi T`BM+BTH +QKTQM2Mib M/ 2B;2Mp2+iQ`b,
XC ≃ P:,:KC:K,: U9XRjV
r?2`2 P:,:K Bb  D × K Ki`Bt Q7 K H`;2bi 2B;2Mp2+iQ`b M/ C:K,: Bb  K × N
Ki`Bt Q7 +Q``2bTQM/BM; T`BM+BTH +QKTQM2MibX "v /2}MBiBQM- i?2 `MF Q7 XC Bb
KX aBM+2 MQM@+Q``2Hi2/ +QKTQM2Mib `2 2tT2+i2/ iQ ?p2 bKHH2` M/ mMB7Q`K
p`BM+2b BM i?2 D@/BK2MbBQMH bT+2- bm+? +QKTQM2Mib b?HH `2KBM BM i?2 `2bi
T`BM+BTH +QKTQM2Mib,
XNC ≃X −XC U9XR9V
h?2`2 2tBbi- ?Qr2p2`- bQK2 Bbbm2b r?2M r2 TTHv S* iQ i?2 +Q``2Hi2/ +QKTQ@
M2Mi `2KQpH BM i?2 6JGP K2i?Q/, Ai Bb TQbbB#H2 iQ #2 bQK2 2``Q`b #2ir22M i?2
2biBKi2/ +Q``2Hi2/ +QKTQM2Mib M/ ǳi`m2Ǵ QM2b #2+mb2 S* Bb 2bBHv z2+i2/
#v bi`QM; HBM2 2KBbbBQM 7`QK bi`QMQKB+H bQm`+2 M/fQ` i?2 bFv- B7 Mv- r?B+?
vB2H/b M2;iBp2 bB/2HQ#2@HBF2 72im`2b `QmM/ bi`QM; HBM2b BM  }MH bT2+i`mK Ub22
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};m`2 8XN M/ 8XRy- 7Q` 2tKTH2VX h?Bb Bb i?2 +b2 2p2M rBi? M Q#b2`piBQM Q7 7BMi
HBM2 2KBbbBQM bm+? b 2ti`;H+iB+ Q#D2+ib #2+mb2 i?2`2 Kv 2tBbi HBM2 2KBbbBQM
7`QK i?2 1`i?Ƕb iKQbT?2`2 bm+? b QxQM2 KQH2+mH2- r?B+? ?b Km+? #`Q/2`
HBM2 b?T2 +mb2/ #v T`2bbm`2 #`Q/2MBM; U6qwA " 1000 FKfb- b22 };m`2 9X8-
7Q` 2tKTH2V i?M ivTB+H QM2 7`QK 2ti`;H+iB+ Q#D2+ib U6qwA ∼ 500 FKfbVX
MQi?2` Bbbm2 Bb i?i Bi Bb `#Bi``v 7Q` mb2`b iQ +?QQb2 i?2 MmK#2` Q7 T`BM+BTH
+QKTQM2Mib- K- r?B+? Bb mb2/ 7Q` i?2 `2+QMbi`+iBQM Q7 +Q``2Hi2/ +QKTQM2MibX
q2 b?QmH/ }M/ i?2 QTiBKH MmK#2` Q7 K r?2M r2 `2+QMbi`m+i XC, +QMi`B#miBQM
7`QK +Q``2Hi2/ +QKTQM2Mib Kv `2KBM BM XNC B7 K Bb Km+? bKHH2` Q` XC Kv
KQ/2H bi`QMQKB+H bB;MHb UM/ 2p2M MQM@+Q``2Hi2/ MQBb2b5V B7 K Bb Km+? H`;2`
i?M i?2 QTiBKH QM2X
AM i?2 +Q``2Hi2/ +QKTQM2Mi `2KQpH BM i?2 6JGP K2i?Q/- r2 BMi`Q/m+2
i?2 r2B;?i2/ T`BM+BTH +QKTQM2Mi MHvbBb #v 2tT2+iiBQM KtBKBxiBQM U1JV
H;Q`Bi?K U1JS*c "BH2v UkyRkVV r?B+? 2M#H2b mb iQ KBMBKBx2 i?2 2z2+i Q7
bi`QM; HBM2 2KBbbBQM #v /2@r2B;?iBM; 2H2K2Mib +QMiKBMi2/ #v bm+? 2KBbbBQM BM
 KQ/mHi2/ iBK2bi`2K r?2M 2biBKiBM; P M/ CX *QKTmiBM; S* #v i?2 1J
H;Q`Bi?K TT`Q+? Bb Q`B;BMHHv /Bb+mbb2/ #v _Qr2Bb URNN3V- r?2`2 M mMr2B;?i2/
p2`bBQM Bb T`QTQb2/ 7Q` BMi2`TQHiBM; KBbbBM; /iX "BH2v UkyRkV T`2b2Mib i?2
1JS* 7Q` MQBbv /i M/fQ` /i bQK2 2H2K2Mib Q7 r?B+? `2 KBbbBM;- r?2`2
MQBbBM2bb M/fQ` /i KBbbBM; `2 2tT`2bb2/ b  r2B;?i Ki`Bt-W - r?B+? ?b i?2
bK2 /BK2MbBQM b i?2 /i Ki`BtX AM i?2 +HbbB+H S* KBMBKBx2b i?2 7QHHQrBM;
[mMiBiv Q7 χ2,
χ2 =
D∑
d=1
N∑
n=1
(X − PC)2dn U9XR8V
r?BH2 i?2 1JS* Q7 "BH2v UkyRkV i`B2b iQ KBMBKBx2 χ2 +QMiBMBM;W ,
χ2 =
D∑
d=1
N∑
n=1
Wdn(X − PC)2dn U9XReV
h?2 +imH H;Q`Bi?K Q7 i?2 1JS* Bb Bi2`iBp2 2biBKiBM; T`Q+2bb2b Q7 C M/
P Hi2`MiBM;Hv- +HH2/ 1@bi2T M/ J@bi2T, i 2tT2+iiBQM bi2T U1@bi2T- ?2`27i2`V
Q7 i?2 m@i? Bi2`iBQM- Bi bQHp2b C(m) 7`QK X- W - M/ P (m−1)X i KtBKBxiBQM@
9N
(c)
−2 0 2
−2
0
2
(d)
−2 0 2
−2
0
2
(b)
−2 0 2
−2
0
2
(e)
−2 0 2
−2
0
2
(a)
−2 0 2
−2
0
2
(f)
−2 0 2
−2
0
2
M-step
M-step
E-step
E-step
E-step 
(Initialize)
6B;m`2 9Xj, a+?2KiB+ /B;`Kb Q7 S* mbBM; 1J H;Q`Bi?K BM i?2 +b2 Q7 D = 2 UKQ/B}2/
};m`2 RkXRk Q7 "Bb?QT UkyyeVV- r?2`2 k. /i TQBMib `2 2tT`2bb2/ b ;`22M /Qib M/ i?2 i`m2
/B`2+iBQMb Q7 irQ 2B;2M p2i`Q`b- P - +H+mHi2/ #v  MQ`KH S* `2 2tT`2bb2/ b Q`i?Q;QMH /Qii2/
HBM2b BM i?2 TM2H UVX i 2+? TM2H- i?2 /B`2+iBQM Q7 Rbi UKQbi /QKBMMiV T`BM+BTH +QKTQ2Mi Bb
2tT`2bb2/ b  `2/ HBM2 HBF2  bQHB/ #`- M/ i?i Q7 kM/ QM2 Q7 2+? /i TQBMi Bb 2tT`2bb2/ b  #Hm2
HBM2 HBF2  bT`BM;X h?2 1@bi2T U+ iQ /- 7Q` 2tKTH2V 2biBKi2b i?2 +Q2{+B2Mib Q7 2+? /i TQBMi- C-
rBi? }t2/ P bQ i?i `2/ M/ #Hm2 HBM2b `2 Q`i?Q;QMHX h?Bb Bb HBF2 +QMM2+iBM; bT`BM;b 7`QK FMQib
iQ  #` }t2/ #v ?M/X h?2 bm#b2[m2Mi J@bi2T U/ iQ 2- 7Q` 2tKTH2V i?2M 2biBKi2b i?2 /B`2+iBQM
Q7 2B;2Mp2+iQ`b- P - rBi? }t2/ /B`2+iBQM Q7 C bQ i?i i?2 bmK Q7 H2M;i? Q7 #Hm2 HBM2b Bb KBMBKBx2/X
h?Bb Bb HBF2 `2H2bBM; i?2 #` 7i2` bT`BM;b +QMM2+i2/- M/ `2@}t Bi i  M2r /B`2+iBQM bQ i?i i?2 bmK
Q7 i2MbBQM Q7 bT`BM;b Bb KBMBKBx2/ UBX2X- KQbi `2Ht2/VX 7i2` `2T2iBM; bQK2 bi2Tb #v im`Mb- P UM/
C- Q7 +Qm`b2V Bb }MHHv +QMp2;2/ i i?2 /B`2+iBQMb +HQb2bi iQ i?2 BMi`BMbB+ QM2bX h?2 1J@S* rBi?
r2B;?ib +M #2 BMi2`T`2i2/ i?i i?2v ?p2 /Bz2`2Mi bT`BM; +QMbiMib ++Q`/BM; iQ i?2 r2B;?i pHm2bX
bi2T UJ@bi2T- ?2`27i2`V Q7 i?2 m@i? Bi2`iBQM- Bi i?2M bQHp2b P (m) 7`QK X- W -
M/ C(m)X 7i2` b2p2`H Bi2`iBQMb M/ #Qi? C M/ P `2 +QMp2`;2/- +Q``2Hi2/
+QKTQM2Mib `2 2biBKi2/ b 7QHHQrb,
XC ≃ P (m):,:KC(m):K,: U9XRdV
h?2b2 1J bi2Tb Q7 S* Bb bQK2iBK2b +QKT`2/ iQ /2i2`KBMBM; i?2 /B`2+iBQM Q7
 #` +QMM2+2i2/ iQ /i TQBMib #v bT`BM;b b BHHmbi`i2/ BM };m`2 9XjX q?BH2
i?2 bT`BM;b ?p2 i?2 bK2 bT`BM; +QMbiMi BM  MQ`KH S*- i?2 1JS* +M
#2 BMi2`T`2i2/ i?i i?2v ?p2 /Bz2`2Mi bT`BM; +QMbiMib ++Q`/BM; iQ i?2 r2B;?i
8y
pHm2bX AM i?2 7QHHQrBM; bm#b2+iBQMb- r2 #`B2~v `2pB2r i?2 1@ M/ J@bi2Tb Q7 i?2
1JS* mbBM; i?2 bK2 MQiiBQMb b mb2/ BM i?Bb i?2bBbX q2 HbQ /Bb+mbb ?Qr iQ
/2i2`KBM2W M/ K 7`QK  iBK2bi`2KX
9X9XR 1JS*, 1@bi2T
i 1@bi2T Q7 i?2 m@i? Bi2`iBQM- r2 2biBKi2 C(m) 7`QK X- W - M/ P (m−1)X 6Q`
2+? +QHmKM Q7 C- r2 bQHp2 Bi #v i?2 7QHHQrBM; HBM2` 2[miBQM mbBM; r2B;?i2/X:,n
M/ P
ΨnX:,n = Ψ
nP (m−1)C(m):,n U9XR3V
r?2`2 Ψn Bb  /B;QMH Ki`Bt Q7W:n,
Ψn =
⎛⎜⎜⎜⎜⎜⎝
W1n
W2n
X X X
WDn
⎞⎟⎟⎟⎟⎟⎠ U9XRNV
A7 m = 1- P (m−1) Bb  `M/QK Q`i?Q;MH Ki`Bt +H+mHi2/ #v i?2 :`K@a+?KB/i
T`Q+2bbX h?2 HBM2` 2[miBQM Bib2H7 +M #2 2bBHv bQHp2/ #v bQK2 HBM2` H;2#`
T+F;2 7Q`  T`Q;`KKBM; HM;m;2X AM i?2 /i MHvbBb T+F;2 7Q` i?2 6JGP
K2i?Q/ U6J6HQrc b22 TT2M/Bt *V- r2 mb2 MmKTvXHBMH;XbQHp2 7mM+iBQM TQr@
2`2/ #v i?2 LmKSv-  7mM/K2MiH T+F;2 7Q` b+B2MiB}+ +QKTmiBM; rBi? Svi?QMX
9X9Xk 1JS*, J@bi2T
AM  J@bi2T Q7 m@i? Bi2`iBQM- r2 2biBKi2 P (m) 7`QK X-W - M/ C(m)X 6Q` 2+?
+QHmKM p2+iQ` Q7 P - Bi Bb +QKTQb2/ Q7 i?2 7QHHQrBM; i?`22 bm#bi2Tb iQ bQHp2,
RX 1biBKi2 2+? 2H2K2Mi Q7 i?2 k@i? +QHmKM p2+iQ`- Pdk U1 ≤ d ≤ DV #v i?2
7QHHQrBM; 2[miBQM mbBM; r2B;?i2/ X M/ C,
Pdk =
∑N
n=1WdnXdnCkn∑N
n=1WdnCknCkn
U9XkyV
8R
kX am#i`+i i?2 +QMi`B#miBQM Q7 i?2 k@i? T`BM+BTH +QKTQM2Mi 7`QK X BM@TH+2,
X ←X − P:,k ⊗Ck,: U9XkRV
r?2`2 ⊗ Bb M QT2`iQ` Q7 /B`2+i U*`i2bBMV T`Q/m+iX
jX _2T2i R M/ k iQ bQHp2 7Q` i?2 M2ti 2B;2Mp2+iQ` P:,k+1 mMiBH k + 1 `2+?2b
i?2 MmK#2` Q7 2B;2Mp2+iQ`b KX
q?2i?2` Q` MQi P M/ C `2 +QMp2`;2/ +QKT`2/ iQ i?2 T`2pBQmb QM2b Bb
+?2+F2/ #v +H+mHiBM;  6`Q#2MBmb MQ`Kß Q7 |(XC(m) − XC(m−1))/XC(m−1)|F -
r?B+? BM/B+i2b i?2 iQiH p`BiBQM #2ir22M i?2KX q2 biQT i?2 Bi2`iBQM B7 Bi
Bb bKHH2` i?M 10−4- #Qmi yXR W Q7 iQiH p`BiBQM b  T`+iB+H pHm2X
q2 MQi2 i?i i?2b2 bi2Tb `2[mB`2 2H2K2Mi@rBb2 QT2`iBQM BM  T`Q;`KKBM;
HM;m;2X AM i?2 6J6HQr- r2 mb2 i?2 LmKSv UpM /2` qHi 2i HX- kyRRV rBi?
LmK# UGK 2i HX- kyR8V-  Dmbi@BM@iBK2 +QKTBH2` r?B+? +QKTBH2b  Svi?QM +Q/2
iQ MiBp2 K+?BM2 BMbi`m+iBQMb iQ +?B2p2 bBKBH` BM T2`7Q`KM+2 iQ *- *YY M/
6Q`i`MX
9X9Xj *?QQbBM; r2B;?ib 7Q` 1JS*
b Bb /2b+`B#2/ BM Ȝ 9X8- r2 2biBKi2 i?2 +Q``2Hi2/ M/ MQM@+Q``2Hi2/ +QKTQ@
M2Mib- iKQbT?2`B+ M/ bi`QMQKB+H bT2+`H HBM2b #v i?2 Bi2`iBp2 T`Q+2bb2b UMQi
K2MiBQMBM; i?2 QM2 #Qp2V BM  TBT2HBM2 BM Q`/2` iQ KBMBKBx2 i?2 2``Q`b Q7 2+? 2b@
iBKi2X AM i?2 TBT2HBM2 i n@i? Bi2`iBQM- r2 +M +H+mHi2 i?2 r2B;?iW (n) r?B+?
rBHH #2 mb2/ 7Q` i?2 1JS* i (n+1)@i? Bi2`iBQM- #v i?2 2biBKi2/ bT2+i`mK Q7
iKQbT?2`B+ HBM2 2KBbbBQM- s(n)X h?2 +QMp2`bBQM K2i?Q/ 7`QK s iQ W Kmbi K22i
i?2 7QHHQrBM; +QM/BiBQMb,
RX h?2 r2B;?i pHm2 Kmbi #2 R B7 MQ bB;MH M/ `2+? iQ y B7 bB;MH #2+QK2b
H`;2`X
kX A7 irQ pHm2b Q7 bB;MH `2 2[mH #mi MQBb2 H2p2Hb `2 MQi- i?2 r2B;?i pHm2
Kmbi #2 bKHH2` rBi? i?2 QM2 r?Qb2 bB;MH@iQ@MQBb2 `iBQ Bb H`;2`X
ß 6`Q#2MBmb MQ`K Q7  Ki`Bt-X- Bb 2tT`2bb2/ b ||X||F =
√∑D
d
∑N
n |Xdn|2 =
√
tr(X∗X)-
r?2`2 X∗ Bb  /DQBMi Ki`Bt Q7 X
8k
6B;m`2 9X9, M 2tKTH2 Q7 +m`p2 }i Q7 2tTQM2MiBH@M/@+QMbiMi 7mM+iBQM iQ i?2 HQ;`Bi?KB+ 2Bp2M
pHm2bX h?2 /i `2 i?2 bK2 b i?i mb2/ BM };m`2 8XRRX h?2 #Hm2 p2`iB+H HBM2 BM/B+i2b i?2 QTiBKH
MmK#2` Q7 T`BM+BTH +QKTQM2Mib b  `2bmHi Q7 i?2 +m`p2 }iX
6Q` i?2b2 `2bQMb- r2 mb2 i?2 7QHHQrBM; 2[miBQM iQ +H+mHi2 r2B;?i pHm2b,
w = 2
−
∣∣∣ s/nθhalf ∣∣∣ U9XkkV
r?2`2 s M/ n `2 bB;MH M/ MQBb2 pHm2b Q7  _6 +?MM2H Q7 /Bz2`2M+2 #2ir22M i?2
n@i? M/ (n − 1)@i? Bi2`iBQMb- s˜(n) − s˜(n−1)X θhalf Bb i?2 bB;MH@iQ@MQBb2 i?`2b?QH/
i r?B+? i?2 r2B;?i pHm2 `2+?2b RfkX h?Bb K2Mb i?i _6 +?MM2Hb `2 KQ`2
/2r2B;?2i2/ r?2`2 /Bz2`2M+2b Q7 bT2+i` #2ir22M i?2 n@i? M/ (n−1)@i? Bi2`iBQMb
`2 H`;2 i i?2 #2;BMMBM; Q7 Bi2`iBp2 T`Q+2bb2b- M/ KQbi Q7 +?MM2Hb `2 MQ HQM;2`
/2r2B;?i2/ i i?2 2M/ Q7 i?2KX AM +?Ti2` 8- r2 mb2 θhalf = 10 b  T`+iB+H pHm2X
9X9X9 *?QQbBM; QTiBKH MmK#2` Q7 T`BM+BTH +QKTQM2Mib
b K2MiBQM2/ #Qp2- /2i2`KBMBM; i?2 MmK#2` Q7 T`BM+BTH +QKTQM2Mib iQ #2 mb2/
7Q` i?2 `2+QMbi`m+iBQM Q7 +Q``2Hi2/ +QKTQM2Mib BM 2+? Bi2`iBQM Bb BKTQ`iMi
iQ BbQHi2 +Q``2Hi2/ M/ MQM@+Q``2Hi2/ +QKTQM2Mi T`QT2`Hv M/ +QMp2`;2 i?2
Bi2`iBp2 T`Q+2bb [mB+FHvX aBM+2 +QKTmiBM; S* #v i?2 1J H;Q`Bi?K Bb 2b@
8j
BHv TTHB+#H2 iQ i?2 S* rBi? T`Q##BHBbiB+ BMi2`T`2iiBQM USS*c hBTTBM; 
"Bb?QT URNNNVV- QM2 +M /2i2`KBM2 i?2 QTiBKH MmK#2` Q7 T`BM+BTH +QKTQM2Mib
#v "v2bBM KQ/2H b2H2+iBQM T`QTQb2/ #v JBMF UkyyRV B7 r2 +QmH/ +QKTmi2 HH
2B;2M pHm2b Q7 D- i?2 MmK#2` Q7 bT2+i`QK2i2` +?MM2HbX AM i?2 +imH bB;MH T`Q@
+2bbBM; Q7 i?2 6JGP K2i?Q/- ?Qr2p2`- +QKTmiBM; HH D 2B;2M pHm2b M/ p2+iQ`b
#v i?2 1JS* Bb MQi `2HBbiB+ #2+mb2 D 2bBHv `2+?2b KQ`2 i?M 103 BM  ivTB+H
bT2+i`QK2i2` U7Q` 2tKTH2- D = 1024, 2048 i ah1 Ry K M/ LQ#2vK 98 K-
`2bT2+iBp2Hv BM i?Bb i?2bBbV- r?B+? iF2b KQ`2 i?M b2p2`H KBMmi2b iQ +QKTmi2
i?2 1JS* BM i?2 +b2 Q7 K = D U+QKTmiiBQM iBK2 rBHH #2 7m`i?2` /Bb+mbb2/ BM
+?Ti2` dVX MQi?2` Bbbm2b Bb i?i i?2 KQ/mHi2/ #`B;?i iKQbT?2`B+ HBM2 2KBbbBQM
BM  iBK2bi`2K Kv +QMi`B#mi2  H`;2 KQmMi Q7 T`BM+BTH +QKTQM2Mib i i?2
#2;BMMBM; Q7 Bi2`iBp2 T`Q+2bb2b- r?B+? Kv KBbH2/ iQ 2biBKi2 i?2 ǳi`m2Ǵ QTiBKH
MmK#2` Q7 T`BM+BTH +QKTQM2Mib iQ #2 `2KQp2/X
6Q` i?2 bBKTH2 M/ 7bi /2i2`KBMiBQM Q7 T`BM+BTH +QKTQM2Mib i 2+? Bi@
2`iBQM- r2 +QM/m+i  +m`p2 }i Q7 2tTQM2MiBH@M/@+QMbiMi 7m+iBQM- log σ2k =
A exp(−Bk) + C- iQ i?2 k@i? HQ;`Bi?KB+ 2B;2M pHm2 Q7 2B;2Mp2+iQ`- σ2k- h?2M
r2 /2`Bp2 i?2 ?H7@pHm2/ T2`BQ/- khalf ≡ ln 2/B- i r?B+? i?2 2tTQM2MiBH +QMi`B@
#miBQM BM 2B;2M pHm2b Bb `2/m+2/ #v ?H7X 6BMHHv- r2 +?QQb2 i?2 QTiBKH MmK#2`
Q7 T`BM+BTH +QKTQM2Mib b Kopt = 7khalf - i r?B+? i?2 2tTQM2MiBH +QMi`B#miBQM
BM 2B;2M pHm2b Bb < 2−7 (∼ 1%) Q7 i?2 }`bi QM2X AM Qi?2` rQ`/b- i?2 2B;2M pHm2
`2+?2b HKQbi +QMbiMi Uσ2k ∼ 10CV i Kopt- r?B+? bm;;2bib i?i +QMi`B#miBQM QMHv
7`QK r?Bi2 MQBb2 /QKBMi2b 7Q` Kopt@i? Q` KBMQ` T`BM+BTH +QKTQM2MibX M 2tK@
TH2 Q7 +m`p2 }i Bb /2KQMbi`i2/ BM };m`2 9X9X b Bb /2KQMbi`i2/ BM +?Ti2` 8- r2
`2p2H i?i QMHv  72r T`BM+BTH +QKTQM2Mib i i?2 iQT Bb H`;2` i?M i?2 Qi?2`b
#v M Q`/2` Q7 K;MBim/2 BM i?2 iBK2bi`2Kb Q7 i?2 6JGP Q#b2`piBQM- r?B+?
bm;;2bib i?i i?2v rQmH/ ?p2 i?2 KQbi +QMi`B#miBQM Q7 +Q``2Hi2/ +QKTQM2Mib B7
r2 +QmH/ +H+mHi2 i?2 HH D T`BM+BTH +QKTQM2MibX q2 MQi2 i?i Bi Bb M2+2bb`v
iQ b2i i?2 KtBKmK MmK#2` Q7 T`BM+BTH +QKTQM2Mib +H+mHi2/ #v i?2 1JS*-
Kmax- r?2M r2 +QM/m+i  /i `2/m+iBQM UKopt < Kmax ≪ D rBHH #2 2tT2+i2/VX
h?Bb K2Mb r2 M22/ iQ FMQr Kopt b  T`BQ` BM7Q`KiBQM M/ Bi Bb i?mb M2+2bb`v
iQ K2bm`2 i?2 ivTB+H pHm2 Q7 Kopt i- 7Q` 2tKTH2- i?2 #2;BMMBM; Q7 Q#b2`piBQM
b2bQMb Q7  i2H2b+QT2X
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9X8 1M/@iQ@2M/ TBT2HBM2 H;Q`Bi?K
7i2` +Q``2Hi2/ +QKTQM2Mi `2KQpH M/ Q#iBMBM; i?2 +H2M2/ iBK2bi`2K- T Clean-
r2 +M KF2  bT2+i`mK UbBM;H2 TQBMi Q#b2`piBQMV Q`  KT UQM@i?2@~v Q#b2`p@
iBQMV b  }MH T`Q/m+i #v M BMi2;`iBQM T`Q+2bb /2b+`B#2/ BM Ȝ kX8X qBi?  bBM;H2
T`Q+2bb- ?Qr2p2`- i?2`2 KB;?i #2 bQK2 2``Q`b #2ir22M 2biBKi2b M/ ǳi`m2Ǵ pHm2b
Q7 i?2 }MH T`Q/m+i #2+mb2 i?2 2biBKi2 Q7 +Q``2Hi2/ +QKTQM2Mib Bb z2+i2/ #v
bi`QM; HBM2 2KBbbBQM 7`QK bi`QMQKB+H bQm`+2 M/fQ` i?2 bFv- 2p2M B7 r2 mb2 i?2
1JS*- r?B+? vB2H/b M2;iBp2 bB/2HQ#2@HBF2 72im`2b `QmM/ bi`QM; HBM2b BM i?2
}MH T`Q/m+iX
h?2 bm#b2[m2Mi Bi2`iBp2 T`Q+2bb2b +M KBMBKBx2 i?2 2``Q`b U2X;X- *?TBM 2i HX
UkyRjVV, 1+? i2`K Bb `2@2biBKi2/ rBi?Qmi BM+Hm/BM; i?2 Qi?2` i2`Kb- r?B+? KBM@
BKBx2b i?2 2z2+i 7`QK i?2KX 6Q` 2tKTH2- r?2M r2 `2@2biBKi2 i?2 +Q``2Hi2/
+QKTQM2Mib #v i?2 1JS*- r2 2t+Hm/2 i?2 bi`QM; HBM2 2KBbbBQM #v bm#i`+iBM;
i?2 KQ/mHi2/ bB;MH Q7 Bi 7`QK i?2 +HB#`i2/ iBK2bi`2K- T Calib- #27Q`2 r2 `2@
+QM/m+i i?2 1JS*X Ai Bb i?2`27Q`2 M2+2bb`v iQ ǳKQ/2HǴȜ i?2 bi`QMQKB+H M/
iKQbT?2`B+ bB;MHb 7`QK i?2 +H2M2/ iBK2bi`2K Q7 i?2 n@i? Bi2`iBQM- T Cleaned-
7Q` i?2 (n+1)@i? T`Q+2bbX q2 T`2b2Mi ?Qr iQ KQ/2H iKQbT?2`B+ M/ bi`QMQKB+H
HBM2 2KBbbBQMX h?2M r2 BMi`Q/m+2 i?2 2M/@iQ@2M/ Bi2`iBp2 H;Q`Bi?K 7Q`  bB;H2@
TQBMiBM; bT2+i`H HBM2 M/ KTTBM; Q#b2`piBQMb Q7 i?2 6JGP K2i?Q/ r?B+? Bb
mb2/ b  TBT2HBM2 7Q` i?2 /i `2/m+iBQM /2b+`B#2/ BM +?Ti2` 8 M/ eX
9X8XR JQ/2HBM; iKQbT?2`B+ HBM2 2KBbbBQM
h?2 i?2`KH 2KBbbBQM UM/ HbQ #bQ`TiBQMV Q7 i?2 1`i?Ƕb iKQbT?2`2 +M #2
KQ/2H2/ #v `/BiBp2 i`Mb72` +QKTmiiBQMb bbmKBM;  b2[m2M+2 Q7 ?v/`QbiiB+
THM` Hv2`b Q7 i?2 iKQbT?2`2 2+? Q7 r?B+? ?b Bib QrM T`2bbm`2- i2KT2`im`2-
M/ +QHmKM /2MbBiv Q7  KQH2+mH2 Q7 BMi2`2biX q2 mb2  iQQH 7Q` `/BiBp2 i`Mb72`
+QKTmiBQMb UK iKQbT?2`B+ JQ/2Hc SBM2 UkyRdVV M/  Hv2` KQ/2H T`QpB/2/ #v
K 7Q` i?2 +H+mHiBQM Q7 iKQbT?2`B+ bT2+i`H HBM2 bm+? b QxQM2X b i?2 KQH2+mH2
Q7 QxQM2 Bb QMHv /QKBMMi M/ /2i2+i2/ i i?2 Q#b2`p2/ 7`2[m2M+v #M/b M/ i?2
Ȝi?2 K2MBM; Q7 ǳKQ/2HǴ ?2`2 Bb MQi iQ 2biBKi2 i?2 i`m2 bB;MHb #mi iQ KF2  #2bi@2zQ`i
M/ MQBb2@7`22 bT2+i`mK Q` KT i 2+? Bi2`iBQM 7Q` i?2 M2ti QM2
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6B;m`2 9X8, aT2+i`H HBM2 2KBbbBQM Q7 QxQM2 KQH2+mH2 BM i?2 iKQbT?2`2 +H+mHi2/ #v K Q#b2`p2/
i UH27iV Ga" M/ U`B;?iV la" Q7 LQ#2vK 98 KX PMHv `/BiBp2 i`Mb72` Q7 QxQM2 Bb +QMbB/2`2/X
h?2 T`2bbm`2b- i2KT2`im`2b i i?2 #QiiQK Q7 2+? Hv2`- +QHmKM /2MbBiB2b Q7 QxQM2 Q7 2+? Hv2`
`2 HBbi2/ BM i#H2 9XRX Pi?2` T`K2i2`b mb2/ 7Q` i?2 +H+mHiBQM `2 b 7QHHQrb, x2MBi? M;H2, y /2;-
#+F;`QmM/ i2KT2`im`2, kXd E Ui?i Q7 +QbKB+ KB+`Qrp2 #+F;`QmM/c *J"VX
+?B2p2/ b2MbBiBpBiv Q7 i?2 6JGP Q#b2`piBQMb /m`BM; i?2 +QKKBbbBQMBM;- r2 i?mb
7Q+mb QM KQ/2HBM; M/ bm#i`+iBM; i?2 QxQM2 bT2+i`H HBM2b BM +?Ti2` 8 M/ eX Ai
Bb TQbbB#H2- ?Qr2p2`- iQ /2i2+i KBMQ` UM/ i?mb r2F2`V KQH2+mH` bT2+B2b bm+? b
*P- *P2- LPx BM i?2 7mim`2 Q#b2`piBQMb r?2`2 r2 `2+? i?2 b2MbBiBpBiv #2ii2` #v
KQ`2 i?M M Q`/2` Q7 K;MBim/2X Hi?Qm;? i?2 bT2+i`H HBM2b Q7 i?2b2 KQH2+mH2b
/Q MQi +QMi`B#mi2 Km+? iQ i?2 #bQ`TiBQM Q7 bi`QMQKB+H bB;MHb UBX2X- e−τNCV- Bi
Bb M2+2bb`v iQ KQ/2H M/ bm#i`+i Bi iQ KF2  }MH T`Q/m+iX h?Bb rBHH #2 7m`i?2`
/Bb+mbb2/ BM +?Ti2` dX
qBi? i?2 +imH KQ/2HBM; Q7 i?2 iKQbT?2`B+ HBM2 2KBbbBQM 7`QK  +H2M2/
iBK2bi`2K- ?Qr2p2`- r2 /Q MQi Q#iBM BM7Q`KiBQM Q7 +imH pHm2b Q7 T`K2i2`b
bm+? b T`2bbm`2- i2KT2`im`2- M/ QxQM2Ƕb +QHmKM /2MbBiv Q7 2+? Hv2` T`i 7`QK
M 6JGP Q#b2`piBQM- r?B+? K2Mb i?i r2 +MMQi bQHp2 i?2 `/BiBp2 i`Mb72`
2[miBQMbX q2 i?2`27Q`2 +QM/m+i  HBM2` }i Q7 KQ/2H2/ QxQM2 bT2+i` Q7 2+?
Hv2` iQ i?2 Q#iBM2/ }MH bT2+i`mK Q` KT- r?B+? `2 T`2@+QKTmi2/ #v K mbBM;
ivTB+H pHm2b Q7 T`K2i2`b Q7 2+? Hv2`X AM i?2 +b2 Q7 KQ/2HBM; QxQM2 bT2+i`H
HBM2b 7`QK  }MH 6JGP bT2+i`mK- s˜- 7Q` 2tKTH2- r2 T`2@+QKTmi2 iQ Q#iBM
ivTB+H QxQM2 bT2+i` Q7 2+? Hv2`- s˜ozonen - M/ /2`Bp2 +Q2{+B2Mib Q7 2+? Hv2`- cn-
8e
6B;m`2 9Xe, aT2+i`H HBM2 2KBbbBQM Q7 QxQM2 KQH2+mH2 BM i?2 iKQbT?2`2 +H+mHi2/ #v K Q#b2`p2/
i UH27iV Ga" M/ U`B;?iV la" Q7 LQ#2vK 98 KX lMHBF2 };m`2 9X8- i?Bb };m`2 b?Qrb i?2 bT2+i`
+QMbB/2`BM; `/BiBp2 i`Mb72` Q7  bBM;H2 Hv2` b HBbi2/ BM i#H2 9XRX "2+mb2 HBM2 rB/i? Q7 QxQM2
/2T2M/b QM i?2 T`2bbm`2 i i?2 HiBim/2 Q7 ReĜ3y FKfb- bT2+i` Q7 #`Q/2` HBM2 rB/i? `2 7`QK HQr2`
Hv2`bX Pi?2` T`K2i2`b mb2/ 7Q` i?2 +H+mHiBQM `2 bK2 b /2b+`B#2/ BM };m`2 9X8X
bQ i?i i?2v KBMBKBx2 χ2 2tT`2bb2/ BM i?2 7QHHQrBM; 2[miBQM,
χ2 =
D˜∑
d=1
⎛⎝s˜− Nlayer∑
n=1
cns˜
ozone
n
⎞⎠ U9XkjV
r?2`2 Nlayer Bb i?2 MmK#2` Q7 iKQbT?2`B+ Hv2`b bbmK2/ 7Q` i?2 KQ/2HBM;X 6B;@
m`2 9X8 M/ 9Xe b?Qr i?2 +QKTmi2/ QxQM2 bT2+i` #v bQHpBM; i?2 `/BiBp2 i`Mb72`
2[miBQMb M/ T`2@+QKTmi2/ QM2b Q7 2+? Hv2` #v K i i?2 Q#b2`p2/ 7`2[m2M+v
#M/b Q7 i?2 LQ#2vK 98 K i2H2b+QT2X h?2 pHm2b Q7 T`K2i2`b mb2/ 7Q` i?2
+QKTmiiBQM `2 HBbi2/ BM i#H2 9XRX AM i?2 +b2 Q7 KQ/2HBM; QxQM2 bT2+i`H HBM2b
7`QK  }MH 6JGP KT- M˜ - r2 +M bbmK2 i?i i?2 QxQM2 KQH2+mH2 M/ i?mb i?2
BMi2MbBiv Q7 Bib bT2+i`H HBM2 Bb mMB7Q`KHv /Bbi`B#mi2/ BM i?2 r?QH2 KTTBM; `2;BQM
B7 i2H2b+QT2Ƕb 2H2piBQM /Q2b MQi +?M;2 H`;2Hv /m`BM; M Q#b2`piBQMX q2 i?2M
KF2  K2M bT2+i`mK Q7 M˜ HQM; bTiBH t2b- r?B+? /Q2b MQi QMHv BKT`Qp2 i?2
bB;MH@iQ@MQBb2 `iBQ #mi HbQ KBMBKBx2 i?2 2z2+i Q7 bi`QMQKB+H bB;MHb U2tT2+i2/
iQ #2 mMmMB7Q`KHv /Bbi`B#mi2/V- M/ }i QxQM2 bT2+i` iQ i?2 K2M bT2+i`mK iQ
/2`Bp2 i?2 +Q2{+B2MibX
6BMHHv- r2 +`2i2 i?2 KQ/2H bT2+i`mK Q` KT Q7 i?2 iKQbT?2`2 b s˜model =∑
n cns˜
ozone
n Q` M˜ =
∑
n cnM˜
ozone
n M/ i?2 KQ/2H iBK2bi`2K Q7 Bi #v  T`QD2+iBQM
8d
6B;m`2 9Xd, M 2tKTH2 Q7 i?2 nσ@+miQz K2i?Q/- r?2`2  bT2+i`mK 7`QK M 6JGP Q#b2`piBQM
M/  KQ/2H b  `2bmHi Q7 3σ@+miQz UBX2X- θcutoﬀ = 3V `2 2tT`2bb2/ b #Hm2 M/ ;`22M HBM2bX h?2
2biBKi2/ 1σ MQBb2 H2p2H Bb BM/B+i2/ b  ;`v HBM2X h?2 M2;iBp2 bB/2HQ#2 72im`2b i i?2 #Qi?
bB/2b Q7  HBM2 `2 7iB}+BH QM2b /m2 iQ BKT`QT2` 2biBKi2 Q7 +Q``2Hi2/ +QKTQM2Mi `2KQpH M/ i?mb
b?QmH/ MQi #2 KQ/2H2/ b bB;MHbX h?2 nσ@+miQz +M 2HBKBMi2 bm+? 72im`2b r2HH- ?Qr2p2`- 7BMi
Qmi2` bFB`ib #2ir22M y iQ jσ `2 MQi KQ/2H2/X q2 /2MQKbi`i2 i?i bm+? 7BMi 72im`2b `2 HbQ
bm++2bb7mHHv `2T`Q/m+2/ BM 7i2` b2p2`H Bi2`iBp2 T`Q+2bb2b BM Ȝ 8XjX9X
Q7 Bi iQ M PL@TQBMi iBK2bi`2K Ub22 Ȝ kX8 7Q` i?2 ǳT`QD2+iBQMǴVX
9X8Xk JQ/2HBM; bi`QMQKB+H HBM2 2KBbbBQM
lMHBF2 iKQbT?2`B+ HBM2 2KBbbBQM- r2 /Q MQi ?p2 Mv KQ/2Hb iQ #2 }ii2/ iQ
i?2 }MH T`Q/m+i #2+mb2 Bi Bb HBi2`HHv mMFMQrM M/ r?i r2 rMi iQ FMQr
7i2` i?2 bB;MH T`Q+2bbBM;X AM i?2 +b2 Q7 ǳKQ/2HǴBM; bm+? bT2+i`H HBM2b 7`QK
#Qi? bT2+i`mK M/ KT- ?Qr2p2`- r2 +QM/m+i i?2 nσ@+miQz K2i?Q/ iQ KF2 M
bi`QMQKB+H KQ/2H 2HBKBMiBM; MQBb2b M/ M2;iBp2 bB/2HQ#2@HBF2 72im`2b, A7 r2
Q#iBM  bT2+i`mK b  }MH T`Q/m+i- 7Q` 2tKTH2- i?2M i?2 KQ/2H Bb +H+mHi2/
#v i?2 7QHHQrBM; 2[miBQM,
s˜model =
⎧⎨⎩s˜ (s˜ > θcutoﬀσ)0 (otherwise) U9Xk9V
r?2`2 σ Bb  biM/`/ /2pBiBQM Q7 HBM2@7`22 +?MM2Hb Q7 i?2 }MH bT2+i`mK- M/
θcutoﬀ(> 0) Bb  i?`2b?QH/ pHm2 Q7 bB;MH@iQ@MQBb2X AM +?Ti2` 8- r2 mb2 θcutoﬀ = 3
b  T`+iB+H pHm2X AM i?2 +b2 Q7 bi`QMQKB+H HBM2 #bQ`TiBQM- i?2 }`bi +QM/BiBQM
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Q7 2[miBQM 9Xk9 rBHH #2 KQ/B}2/ b s˜ < −θcutoﬀσX LQi2 i?i  +p2i Q7 nσ@+miQz
TT`Q+? Bb i?i MQi QMHv M2;iBp2 bB/2HQ#2@HBF2 72im`2b #mi HbQ HBM2 2KBbbBQM
#2HQr nσ Bb HbQ 2t+Hm/2/ 7`QK  KQ/2HX AM +?Ti2` 8- r2 +QM}`K i?i bm+?  r2F
2KBbbBQM 72im`2b M2ti iQ  KQ/2H2/ HBM2 U7BMi bFB`i Q7  bT2+i`H HBM2- 7Q` 2tKTH2V
rBHH #2 `2T`Q/m+2/ BM bm#b2[m2Mi Bi2`iBp2 T`Q+2bb2bX "mi 7Q` bm+? 2KBbbBQM Q7
BbQHiBQM U HBM2 r?Qb2 T2F BMi2MbBiv Bb < nσ- 7Q` 2tKTH2V- M2;iBp2 bB/2HQ#2@
HBF2 72im`2b KB;?i #2 `2KBMBM; BM i?2 Hbi Bi2`iBQM- Hi?Qm;? bm+? 72im`2b `2
mbmHHv M2;HB;B#H2 7Q` bm+? r2F 2KBbbBQMX
9X8Xj hBK2@+?mMF T`Q+2bb
aQ 7` i?2 bB;MH T`Q+2bbBM; Q7  iBK2bi`2K bbmK2b i?i i?2 +QM/BiBQM Q7 iKQ@
bT?2`2 M/  i2H2b+QT2 /Q MQi +?M;2 H`;2HvX h?Bb K2Mb i?i i?2 2B;2Mp2+iQ`b-
P - Q7 +Q``2Hi2/ +QKTQM2Mib `2 `2;`/2/ iQ #2 +QMbiMi /m`BM; M Q#b2`piBQMX
AM i?2 +b2 Q7 HQM;@iBK2 Q#b2`piBQMb bm+? b M 6JGP Q#b2`piBQM Q7 H`;2 KT-
?Qr2p2`- i2H2b+QT2Ƕb 2H2piBQM M/ i?mb BMi2MbBiv Q7 iKQbT?2`B+ HBM2 2KBbbBQM Kv
+?M;2 H`;2Hv /m`BM; M Q#b2`piBQM #2+mb2 Q7 M 2H2piBQM /2T2M/2M+v Q7 B`
Kbb ǥ Ui?Bb HbQ +?M;2b P VX AM Q`/2` iQ T`QT2`Hv KQ/2H bm+? iBK2@p`vBM; +Q``2@
Hi2/ +QKTQM2Mib M/ iKQbT?2`B+ HBM2 2KBbbBQM- r2 bTHBi  iBK2bi`2K /i BMiQ
+?mMFb Q7 b2p2`H KBMmi2b Ub2p2`H ?mM/`2/ bKTH2b BM  +?mMFV M/ +QM/m+i +Q``2@
Hi2/ +QKTQM2Mi `2KQpH M/ KQ/2HBM; iKQbT?2`B+ HBM2 2KBbbBQM /2b+`B#2/ #Qp2
BM/2T2M/2MiHv #2ir22M +?mMFbX h?Bb iBK2@+?mMF T`Q+2bb rBHH #2 /2KQMbi`i2/ b
6JGP KTTBM; Q#b2`piBQMb BM Ȝ eXkX
9X8X9 SBT2HBM2 H;Q`Bi?K
6BMHHv r2 T`2b2Mi i?2 2M/@iQ@2M/ TBT2HBM2 H;Q`Bi?K 7Q` bT2+i`H Q` KTTBM;
6JGP Q#b2`p`BQMbX H;Q`Bi?K R b?Qrb i?2 Qp2`HH TBT2HBM2 mb2/ 7Q` i?2 7QHHQrBM;
/i `2/m+iBQM Q7 6JGP Q#b2`piBQMbX "2+mb2 i?2 KQbi T`i Q7 i?2 H;Q`Bi?K Bb
+QKKQM BM #Qi? bT2+i`H M/ KTTBM; Q#b2`piBQMb- i?2 H;Q`Bi?K r2 b?Qr #2HQr
Bb i?2 QM2 bbmKBM; i?2 7QHHQrBM; +QM/BiBQMb,
ǥi?2 Ti? H2M;i? 7Q` HB;?i `2HiBp2 iQ i?i i i?2 x2MBi? UsecZ- r?2`2 Z Bb x2MBi? M;H2VX
8N
Ç h?2 H;Q`Bi?K Bb 7Q`  bT2+i`H HBM2 Q#b2`p`BQM Q7 i?2 6JGP K2i?Q/X h?2
/Bz2`2M+2b 7`QK i?i 7Q` KTTBM; Q#b2`piBQM `2 i?2 K2i?Q/b Q7 BMi2;`@
iBQMfT`QD2+iBQM M/ KQ/2HBM; iKQbT?2`B+fbi`QMQKB+H HBM2bX MQi?2` QM2
Bb ?Qr iQ bm#i`+i bi`QMQKB+H KQ/2H 7`QK  iBK2bi`2KX h?Bb Bb +QK@
K2Mi2/ BM i?2 H;Q`Bi?K jX
Ç q2 2biBKi2  7`2[m2M+v KQ/mHiBQM ;BM- GFM- 7`QK  iBK2bi`2K Q7 PL@
TQBMi K2bm`2K2Mi Bib2H7 Ui?2 }`bi +?QB+2 b r2 /2b+`B#2 BM Ȝ 9XkV
Ç LQ bi`QM; HBM2 2KBbbBQM 7`QK i?2 iKQbT?2`2 M/ bi`QMQKB+H i`;2i H2Fb
7`QK i?2 BK;2 bB/2#M/ UBX2X- i?2 i2`Kb Q7 i?2 bB/2#M/ BM 2[miBQM 9XRy Bb
M2;HB;B#H2V
Ç h?2 bi`QMQKB+H HBM2b /Q MQi +QKTH2i2Hv Qp2`HT rBi? i?Qb2 7`QK i?2 iKQ@
bT?2`2 UBX2X- bbmKBM; 2[miBQM kXkyV
Ç LQ iBK2@+?mMF T`Q+2bb2b `2 /2b+`B#2/ 7Q` +H`Biv BM i?2 H;Q`Bi?K U#2+mb2
Bi KF2b M2bi2/ 7Q`@HQQT M/ i?mb bBKTHv KF2b rQ`b2 i?2 `2/#BHBiv Q7 i?2
H;Q`Bi?KV
Ç kNj E Bb mb2/ 7Q` i?2 `QQK i2KT2`im`2X
i i?2 #2;BMMBM; Q7 i?2 H;Q`Bi?K UGXRV- r2 `2/  iBK2bi`2K Q7 PL@TQBMi M/
 Ki`Bt Q7 i?2 HQ/ 7`QK M Q#b2`p2/ /i Ub Bb T`QpB/2/ rBi?  6Aha }H2 7Q`KiVX
h?2M r2 b2i b2p2`H T`K2i2`b 7Q` 2+? KQ/2HBM; Q7 iKQbT?2`B+- bi`QMQKB+H
HBM2 2KBbbBQM- M/ 6J ;BM /2b+`B#2/ #Qp2 UGXkVX PM2 M2r T`K2i2`- ε- Bb mb2/
7Q`  +QMp2`;2M+2 +?2+F Q7 2+? KQ/2H, PM+2 r2 Q#iBM  M2r 2biBKi2 BM M
Bi2`iBp2 T`Q+2bb UGFMnew- 7Q` 2tKTH2V- r?2i?2` Q` MQi Bi Bb +QMp2`;2/ +QKT`2/ iQ
i?2 T`2pBQmb QM2- GFM- Bb +?2+F2/ #v +H+mHiBM;  6`Q#2MBmb MQ`K Q7 |(GFMnew −
GFM)/GFM|F r?B+? BM/B+i2b i?2 iQiH p`BiBQM #2ir22M i?2KX A7 i?2 pHm2 Q7 
MQ`K Bb #2HQr ε- r2 i?2M biQT i?2 Bi2`iBp2 T`Q+2bbX
q2 i?2M +`2i2  +HB#`i2/ iBK2bi`2K UGX3- Hi?Qm;? 6J ;BM Bb MQi +Q`@
`2+i2/ BM i?2 }`bi Qmi2` HQQTV- M/ i?2M KQ/2H bT2+i`H HBM2 2KBbbBQM 7`QK i?2 bFv
UGXRyV M/ M bi`QMQKB+H i`;2i UGXRRV #v BMM2` HQQTb Q7 Bi2`iBp2 T`Q+2bb2b b
/2b+`B#2/ BM H;Q`Bi?K k M/ jX q2 MQi2 i?i i?2 MQiiBQMb Q7 T Atm- T Ast mb2/
BM i?2b2 H;Q`Bi?K `2 /Bz2`2Mi 7`QK i?i /2b+`B#2/ BM +?Ti2` k UBM i?Bb b2+iBQM
r2 mb2 i?2b2 MQiiBQMb b ǳKQ/2HǴbVX h?2 H;Q`Bi?Kb k M/ j `2 HKQbi bBKBH`
ey
H;Q`Bi?K R 1M/@iQ@2M/ TBT2HBM2 iQ 2biBKi2 T A∗
R, hF2 PON,P Load,1,0 (∈ ℜD×N)
k, hF2 Kmax, θhalf , θcutoﬀ , lwindow, Norder, ε
j,
9, GFM ← 1
8, HQQT
e, PON,corr ← PON/GFM
d, POFF ← medn
(
PON,corr
)
◃ a22 2[miBQM 9XN
3, T Calib ← 293 · (PON,corr − POFF)/(P Load − POFF) ◃ a22 2[miBQM 9X3
N,
Ry, T Atm ← AtmModel (T Calib; Kmax, θhalf , ε) ◃ a22 H;Q`Bi?K k
RR, T Ast ← AstModel (T Calib,T Atm; Kmax, θcutoﬀ , ε) ◃ a22 H;Q`Bi?K j
Rk, T Res ← T Calib − T Atm − T Ast
Rj,
R9, P Res ← GFM ((T Res/293)P Load + (1− T Res/293)POFF)
R8, GFMnew ← GainModel (P Res; lwindow, Norder) ◃ a22 Ȝ 9Xk
Re,
Rd, B7 |(GFMnew −GFM)/GFM|F < ε i?2M
R3, #`2F
RN, 2Hb2
ky, GFM ← GFMnew
kR, 2M/ B7
kk, 2M/ HQQT
kj,
k9, T C ← PCA(T Calib − T Atm − T Ast; Kmax) ◃ a22 Ȝ 9X9
k8, T A∗ ← T Calib − T C
iQ 2+? Qi?2`- M/- QM2 Q7 i?2 KDQ` /Bz2`2M+2b Bb i?i i?2 1JS* Bb QMHv mb2/
7Q` i?2 iKQbT?2`B+ HBM2 2biBKi2X bi`QMQKB+H HBM2b rB/2` i?M T`bbm`2@#`Q/2M
iKQbT?2`B+ HBM2b `2 HBiiH2 Q#b2`p2/ +imHHv- M/ Qi?2` HBM2b 7`QK bi`QMQKB+H
bQm`+2b `2 `2T`Q/m+2/ BM #Qi? bBKmHiBQM UȜ 8XjX9V M/ `2H Q#b2`piBQMb U+?T@
i2` eVX h?2 BKTQ`iM+2 Q7 TTHvBM; i?2 1JS* iQ bi`QMQKB+H bQm`+2b rBHH #2
/Bb+mbb2/ BM +?Ti2` dX
"v bm#i`+iBM; i?2 KQ/2H2/ iKQbT?2`B+ M/ bi`QMQKB+H HBM2b- i?2 H;Q`Bi?K
2biBKi2b  iBK2bi`2K- P Res- Q7 PL@TQBMi K2bm`2K2Mi r?B+? `2 7`22 7`QK HBM2b
eR
H;Q`Bi?K k AtmModel (T Calib; Kmax, θhalf , ε)
R, T Atm ← 0,W ← 1
k, HQQT
j, T C ← EMPCA(T Calib − T Atm; W , Kmax) ◃ a22 Ȝ 9X9
9, T NC ← T Calib − T C
8, T˜ NC ← DM(T NC)
e, s˜← Integration(T˜ NC) ◃ a22 Ȝ kX8Xk
d, s˜Model ← Model(s˜) ◃ a22 2[miBQM 9Xkj
3, T˜ Atmnew ← Projection(s˜Model; T˜ NC) ◃ a22 Ȝ kX8Xk
N, T Atmnew ←M(T˜ Atm)
Ry, W ← 2−|(TAtmnew −TAtm)/θhalf |
RR, ◃ a22 2[miBQM 9Xkk
Rk, B7 |(T Atmnew − T Atm)/T Atm|F < ε i?2M
Rj, #`2F
R9, 2Hb2
R8, T Atm ← T Atmnew
Re, 2M/ B7
Rd, 2M/ HQQT
R3,
RN, `2im`M T Atm
b /2b+`B#2/ BM UGXR9VX lbBM; Bi r2 }MHHv 2biBKi2 i?2 6J ;BM- GFM- r?B+? Bb
2tT2+i2/ MQi iQ #2 z2+i2/ rBi? HBM2 2KBbbBQMX
qBi? 2biBKiBM; 6J ;BM Q7 i?2 }`bi Bi2`iBQM- r2 i?2M ;Q #+F iQ i?2 iQT
Q7 i?2 Qmi2` HQQT- M/ +Q``2+i 7Q` i?2 6J ;BM Q7 i?2 PL@TQBMi iBK2bi`2K M/
`2T2i i?2 bK2 Bi2`iBp2 T`Q+2bb2b Q7 bT2+i`H HBM2 2KBbbBQMX 7i2` i?2 Qmi2` HQQT
Bb +QMp2`;2/ UMQ`KHHv Bi Bb +QMp2;2/ BM i?2 b2+QM/ Bi2`iBQMV- r2 2b+T2 HH i?2
HQQTb iQ +`2i2  }MH KQ/mHi2/ iBK2bi`2K- T A∗ - M/ i?2M KF2  }MH T`Q/m+i
Q7  bT2+i`mK Q` KTX
h?2 `2H@rQ`H/ TBT2HBM2 +Q/2 r`Bii2M BM Svi?QM U_QbbmK- RNN8V mbBM; 6J6HQr
rQ`Fb ++Q`/BM; iQ i?2 H;Q`Bi?KX q2 rBHH b?Qr i?2 QM2 mb2/ 7Q` i?2 b+B2M+2
/2KQMbi`iBQM Q7 LQ#2vK 98 K BM TT2M/Bt *X
ek
H;Q`Bi?K j AstModel (T Calib,T Atm; Kmax, θcutoﬀ , ε)
R, T Ast ← 0
k, HQQT
j, T C ← PCA(T Calib − T Atm − T Ast; Kmax) ◃ a22 Ȝ 9X9
9, T NC ← T Calib − T C
8, T˜ NC ← DM(T NC)
e, s˜← Integration(T˜ NC) ◃ a22 Ȝ kX8Xk
d, s˜Model ← Model(s˜) ◃ a22 2[miBQM 9Xk9
3, T˜ Astnew ← Projection(s˜Model; T˜ NC) ◃ a22 Ȝ kX8Xk
N, T Astnew ←M(T˜ Astnew) ◃ mb2 i?Bb B7 bT2+i`H HBM2 Q#b2`piBQM
Ry, T Astnew ← T Ast + 0.5×M(T˜ Astnew) ◃ mb2 i?Bb B7 KTTBM; Q#b2`piBQM
RR, B7 |(T Astnew − T Ast)/T Ast|F < ε i?2M
Rk, #`2F
Rj, 2Hb2
R9, T Ast ← T Astnew
R8, 2M/ B7
Re, 2M/ HQQT
Rd,
R3, `2im`M T Ast
ej
S`2bbm`2 U?SV h2KT2`im`2 UEV PxQM2 +QHmKM /2MbBiv U+K−2V
yXR kkRXR 1.74× 10−6
yXj k9jXj 1.64× 10−6
yX9 k9NX9 1.62× 10−6
yX8 k89XN 1.81× 10−6
yXd kekX3 2.12× 10−6
R ke8X3 2.66× 10−6
k k8eX9 3.99× 10−6
j k93XN 5.83× 10−6
9 k99Xj 7.19× 10−6
8 k9yX8 8.00× 10−6
d kj9X3 8.51× 10−6
Ry kjyXy 8.71× 10−6
ky kkRXd 7.69× 10−6
jy kReX8 5.52× 10−6
9y kRkX9 3.53× 10−6
8y ky3XN 2.20× 10−6
dy kyyX9 1.16× 10−6
Ryy RNdX3 3.92× 10−7
R8y kydX9 1.14× 10−7
kyy kRNX9 6.18× 10−8
k8y kjyX9 5.02× 10−8
jyy kjNXN 4.70× 10−8
j8y k9dXN 4.58× 10−8
9yy k89XN 4.52× 10−8
98y keRXk 4.47× 10−8
8yy keeX3 4.39× 10−8
88y kdRX3 4.30× 10−8
889 kdkXk 4.24× 10−8
h#H2 9XR, S`K2i2`b mb2/ 7Q` +`2iBM; iKQbT?2`B+ QxQM2 bT2+i` #v KX 1+? +QHmKM b?Qrb
i?2 T`2bbm`2- i2KT2`im`2b i i?2 #QiiQK Q7 2+? Hv2`- M/ +QHmKM /2MbBiB2b Q7 QxQM2 Q7 2+?
Hv2`X h?2b2 pHm2b `2 iF2M 7`QK M K +QM};m`iBQM }H2 Q7 GJnMMmHn8yXK+ pBH#H2 i
?iiTb,ffrrrX+7X?`p`/X2/mfbTBM2fKf+QQF#QQFfmMBtfbBi2bfGJfX
e9
1``Q`b b?QmH/ M2p2` Tbb bBH2MiHvX lMH2bb 2tTHB+@
BiHv bBH2M+2/X AM i?2 7+2 Q7 K#B;mBiv- `27mb2 i?2
i2KTiiBQM iQ ;m2bbX
6`QK i?2 w2M Q7 Svi?QM- #v hBK S2i2`b
5
PM@bBi2 o2`B}+iBQM
h?Bb +?Ti2` /2b+`B#2b b+B2MiB}+ p2`B}+iBQM Q7 i?2 6JGP K2i?Q/ #v QM@bBi2 +QK@
KBbbBQMBM; Q7 i?2 6JGP bvbi2Kb BKTH2K2Mi2/ QM i?2 LQ#2vK 98 K M/ i?2
ah1 Ry K i2H2b+QT2b Ub22 *?Ti2` jVX
q2 T`2b2Mi i?2 bmKK`B2b Q7 i?2 6JGP i2bi Q#b2`piBQMb Q7 i?2b2 i2H2b+QT2b
UȜ 8XRV r?B+? `2 mb2/ 7Q` b2p2`H p2`B}+iBQM Bi2KbX q2 HbQ BMi`Q/m+2 i?2 +QM@
+2Ti Q7 7`2[m2M+v KQ/mHiBQM Tii2`Mb U6JSbV- r?B+? +QMi`QH i?2 iQiH 7`2[m2M+v
KQ/mHiBQM rB/i? M/ 2+? 7`2[m2M+v KQ/mHiBQM bi2T Q7 GP 7`2[m2M+v /m`BM;
M Q#b2`piBQMX q2 i?2M T`2b2Mi i?2 `2bmHi Q7 bvbi2K@H2p2H p2`B}+iBQM Bi2Kb Q7
i?2 6JGP K2i?Q/ UȜ 8XkV- r?B+? Kmbi #2 p2`B}2/ #27Q`2 i?2 6JGP Q#b2`piBQMbX
AM i?2 }MH b2+iBQM UȜ 8XjV- r2 T`2b2Mi 2M/@iQ@2M/ /i `2/m+iBQM rBi? i?2 bB;MH
T`Q+2bbBM; Q7 i?2 6JGP K2i?Q/X q2 2K#2/ bQK2 `iB}+BH bB;MH UbT2+i`mKV
iQ i?2 bFv UBX2X- Qz@TQBMiV Q#b2`piBQMb Q7 i?2 6JGP K2i?Q/ rBi? b2p2`H 6JSb
b bBKmHiBQMb M/ /2KQMbi`i2 i?i i?2 bB;MH T`Q+2bbBM; Q7 i?2 6JGP K2i?Q/
Ub22 *?Ti2` 9V rQ`Fb r2HH M/ i?2 }MH bT2+i`mK Bb +QMbBbi2Mi rBi? i?Qb2 Q7 i?2
+QMp2MiBQMH TQbBiBQM brBi+?BM; K2i?Q/X q2 HbQ /2}M2 ?2`2 i?2 QTiBKH 6JS iQ
#2 mb2/ 7Q` M 6JGP Q#b2`piBQMX 6BMHHv- r2 /2`Bp2 i?2 Q#b2`piBQM 2{+B2M+v
Q7 i?2 6JGP K2i?Q/ M/ /2KQMbi`i2 ?Qr Bi Bb BKT`Qp2/ +QKT`2/ rBi? i?i Q7
i?2 +QMp2MiBQMH TQbBiBQM brBi+?BM; K2i?Q/ [mMiBiiBp2HvX
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demodulate
6B;m`2 8XR, a+?2KiB+ /B;`K Q7  xB;@x; 7`2[m2M+v KQ/mHiBQM Tii2`MX UH27iV KQ/mHi2/
iBK2bi`2K- r?2`2 Q`M;2 /Qib `2T`2/2Mi KQ/mHi2/ bB;MHbX h?2 6J rB/i? U/`F ``QrV Bb  iQiH
KQ/mHiBQM rB/i? Qp2`  iBK2bi`2K- M/ 6J bi2T Ur?Bi2 ``QrV Bb M BMi2`pH #2ir22M bm++2bbBp2
iBK2 bKTH2bX U`B;?iV /2KQ/mHi2/ iBK2bi`2K- r?2`2 bB;MHb `2 HB;M2/ iQ M Q#b2`p2/ 7`2[m2M+vX
8XR P#b2`piBQMb
8XRXR 6`2[m2M+v KQ/mHiBQM Tii2`Mb
b /2b+`B#2/ BM Ȝ jXk- r2 mb2  bB;MH ;2M2`iQ` r?B+? +M KQ/mHi2  GP 7`2[m2M+v
++Q`/BM; iQ  7`2[m2M+v KQ/mHiBQM Tii2`M }H2X Ai Bb i?2`27Q`2 M2+2bb`v iQ
/2}M2 ?Qr GP 7`2[m2M+v KQ/mHi2b /m`BM; M 6JGP Q#b2`piBQMX Ai Bb `272``2/
iQ b  7`2[m2M+v KQ/mHiBQM Tii2`M U6JSVX .m`BM; i?2 p2`B}+iBQM M/ b+B2M+2
/2KQMbi`iBQM Q7 #Qi? LQ#2vK 98 K M/ ah1 Ry K- r2 mb2/ xB;@x; 6JSb
b BHHmbi`i2/ BM };m`2 8XRX h?2 xB;@x; 6JS ?b irQ 7`22 T`Ki2`b,
6J rB/i? i?2 iQiH GP 7`2[m2M+v KQ/mHiBQM rB/i? /m`BM; M 6JGP Q#b2`p@
iBQM BM mMBib Q7 J>xX
6J bi2T i?2 GP 7`2[m2M+v KQ/mHiBQM bi2T #2ir22M /D+2Mi bT2+i`QK2i2` bK@
TH2b BM mMBib Q7 J>xfbKTH2X
AM i?2 +imH 6JS }H2b- r2 bHB;?iHv +?M;2 GP 7`2[m2M+v i i?2 7QH/BM;b Q7
ee
xB;@x; Tii2`Mb bQ i?i GP 7`2[m2M+B2b /Q MQi +QKTH2i2Hv Qp2`HT 2+? Qi?2`X
"v /2}MBiBQM- i?2 iQiH Q#b2`p2/ #M/ rB/i? Bb i?2 bmK Q7 i?2 iQiH #M/ rB/i?
Q7 bT2+i`QK2i2` M/ i?2 6J rB/i?X b BHHmbi`i2/ BM };m`2 8XR- rB/2` 6J rB/i?
`2bmHib BM rB/2` iQiH Q#b2`p2/ #M/ rB/i? #mi H2bb MmK#2` Q7 bKTH2b i i?2
2/;2 Q7 /2KQ/mHi2/ iBK2bi`2Kb- r?B+? +mb2b b2MbBiBpBiv HQbb +QKT`2/ iQ i?2
+2Mi2` Q7 i?2 Q#b2`p2/ #M/X PM i?2 Qi?2` ?M/- M``Qr2` 6J rB/i? Q` b?Q`i2`
6J bi2T `2 TQbbB#H2 iQ 7BH iQ 2biBKi2 +Q``2Hi2/ M/ MQM@+Q``2Hi2/ +QKTQM2Mib
#v S* r?2M i?2 7`2[m2M+v rB/i? Q7  i`;2i bT2+i`H HBM2 Bb rB/2` i?M i?2K-
r?B+? KF2b BM+Q``2+i 2biBKi2b Q7 bT2+i`H HBM2 Q` KTTBM; 2p2M bB;MH T`Q+2bbBM;
rQ`Fb +Q``2+iHv UBX2X- i?2 MmK#2` Q7 T`BM+BTH +QKTQM2Mib Bb T`QT2`Hv QTiBKBx2/VX
Ai Bb i?2`27Q`2 M2+2bb`v iQ b2`+? r?B+? T`K2i2`b b?QmH/ #2 mb2/ BM M 6JGP
Q#b2`piBQM #v bBKmHiBQMb Q7 Q#b2`piBQMb Q7 `iB}+BH bT2+i`H HBM2 rBi? 6JSb Q7
/Bz2`2Mi 6J rB/i?b M/ 6J bi2TbX h?Bb rBHH #2 7m`i?2` /Bb+mbb2/ BM Ȝ 8XjX9X
8XRXk P#b2`piBQMb Q7 LQ#2vK 98 K
q2 +``B2/ Qmi i2bi Q#b2`piBQMb Q7 i?2 6JGP K2i?Q/ BM kyR9- kyRe- M/ kyRd USA,
uQB+?B hKm`- A., Bk8R9viVX b /2b+`B#2/ BM +?Ti2` j- r2 Q#iBM2/ iBK2bi`2Kb
rBi? i?2 hw 7`QMi@2M/ `2+2Bp2` M/ i?2 aJ98 #+F2M/ bT2+i`QK2i2` rBi? i?2
6JGP bvbi2K BKTH2K2Mi2/X q2 bmKK`Bx2 p2`B}+iBQM Bi2Kb M/ i?2B` Q#b2`p@
iBQM T`K2i2`b BM h#H2 8XRX
lMH2bb Qi?2`rBb2 bT+B}2/- r2 HHQ+i2/ d ``v Q7 aJ98 rBi? Ga" UN3 :>xV
M/ 8 ``v rBi? la" URRy :>xV- M/ mb2/ QmiTmi iBK2bi`2K /i 7Q` i?2 7QH@
HQrBM; MHvb2bX q2 +QM};m`2/ i?2 bT2+i`H `2bQHmiBQM Q7 aJ98 b yX933k3 J>x
M/ i?2 iQiH #M/rB/i? b kyyy J>x U9yNe +?MM2Hb BM iQiHV- r?B+? +Q``2bTQM/
RXjj FKfb M/ 898R FKfb BM p2HQ+Biv `2T`2b2MiiBQM i i?2 Q#b2`p2/ 7`2[m2M+v Q7
RRy :>xX h?2 QmiTmi iBK2bi`2K /i r2`2 `2+Q`/2/ i  `i2 Q7 Ry >x #v i?2 Ph6
KQ/2 Q7 i?2 LQ#2vK 98 KX h?2 Q#iBM2/ QmiTmi iBK2bi`2K /i- 7`2[m2M+v
KQ/mHiBQM HQ; }H2b- M/ Mi2MM HQ; }H2b r2`2 Q|BM2@K2`;2/ BMiQ 6Aha }H2b #v
i?2 6J6HQr- i?2 /i MHvbBb T+F;2 7Q` i?2 6JGP K2i?Q/ Ub22 TT2M/Bt *VX
AM i?2 7QHHQrBM; /i MHvb2b- r2 +QM/m+i2/ k@+?MM2H #BMMBM; iQ i?2 iBK2bi`2K
/i iQ ?H7 i?2 iQiH MmK#2` Q7 +?MM2Hb b ky93 7Q` `2/m+BM; +QKTmiiBQM iBK2
ed
Q7 2+? MHvbBbX 6Q` i?2 +QKT`BbQM Q7 i?2 bT2+i`H HBM2 Q` KTTBM; Q7 i?2 6JGP
K2i?Q/ rBi? i?i Q7 i?2 +QMp2MiBQMH Saq K2i?Q/- r2 bBKmHiM2QmbHv Q#b2`p2/
M/ Q#iBM2/ Saq /i 7Q` b+B2M+2 /2KQMbi`iBQM Ub22 +?Ti2` eVX
8XRXj P#b2`piBQMb Q7 ah1 Ry K
q2 +``B2/ Qmi i2bi Q#b2`piBQM Q7 i?2 6JGP K2i?Q/ BM kyRe USA, uQB+?B hKm`-
A., 7KHQReVX b /2b+`B#2/ BM +?Ti2` j- r2 Q#iBM2/ iBK2bi`2Kb rBi? i?2 .a>j98
7`QMi@2M/ `2+2Bp2` 7Q` j98 :>x U"M/ dV #M/ M/ "M/ 3 ZJ `2+2Bp2` 7Q` 9Ny :>x
U"M/ 3V #M/- M/ i?2 J* #+F2M/ bT2+i`QK2i2` rBi? i?2 6JGP bvbi2K BK@
TH2K2Mi2/X q2 bmKK`Bx2 p2`B}+iBQM Bi2Kb M/ i?2B` Q#b2`piBQM T`K2i2`b BM
h#H2 8XkX
lMH2bb Qi?2`rBb2 bT+B}2/- r2 HHQ+i2/ R ``v Q7 J* rBi? Ga" M/ mb2/
QmiTmi iBK2bi`2K /i 7Q` i?2 7QHHQrBM; MHvb2bX q2 +QM};m`2/ i?2 bT2+i`H
`2bQHmiBQM Q7 J* b yX8 J>x M/ i?2 iQiH #M/rB/i? b 8Rk J>x URyk9 +?MM2Hb
BM iQiHV- r?B+? +Q``2bTQM/ yX9j FKfb M/ 998 FKfb BM p2HQ+Biv `2T`2b2MiiBQM i
i?2 Q#b2`p2/ 7`2[m2M+v Q7 j98 :>xX h?2 QmiTmi iBK2bi`2K /i r2`2 `2+Q`/2/ i
 `i2 Q7 Ry >x #v i?2 Ph6 KQ/2 Q7 i?2 ah1X h?2 Q#iBM2/ QmiTmi iBK2bi`2K
/i- 7`2[m2M+v KQ/mHiBQM HQ; }H2b- M/ Mi2MM HQ; }H2b r2`2 Q|BM2@K2`;2/ BMiQ
6Aha }H2b #v i?2 6J6HQr- i?2 /i MHvbBb T+F;2 7Q` i?2 6JGP K2i?Q/ Ub22
TT2M/Bt *VX 6Q` i?2 +QKT`BbQM Q7 i?2 bT2+i`H HBM2 Q` KTTBM; Q7 i?2 6JGP
K2i?Q/ rBi? i?i Q7 i?2 +QMp2MiBQMH Saq K2i?Q/- r2 bBKmHiM2QmbHv Q#b2`p2/
M/ Q#iBM2/ Saq /i 7Q` b+B2M+2 /2KQMbi`iBQM Ub22 +?Ti2` eVX
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6B;m`2 8Xk, h?2 }MH bT2+i`mK Q7 +QMiBMmQmb rp2 i N3Xy :>x K2bm`2/ i LQ#2vK 98 KX q2
THQi Bi b #Hm2 HBM2- r?BH2 #Hm2 /Qib `2 Qp2`@bKTH2/ /i TQBMib mb2/ iQ  :mbbBM }iX h?2 }ii2/
:mbbBM Bb b?QrM b /b?2/ Q`M;2 HBM2- r?Qb2 +2Mi2` 7`[m2M+v Bb N3XyyyyykjdN :>x M/ 6q>J
Bb kX3e9 F>x U< jX3R F>xVX
8Xk avbi2K p2`B7B+iBQM
8XkXR 6`2[m2M+v Tm`Biv
6B`bi Q7 HH- r2 Kmbi +QM}`K r?2i?2` MQ 7`2[m2M+v T2`im`#iBQM Q++m`b Q` MQi rBi?
7`2[m2M+v KQ/mHiBQM /m`BM; M Q#b2`piBQM M/ /2KQ/mHiBQM T`Q+2bb, B7 bm+?
T2`im`#iBQM +QmH/ `2HHv ?TT2M-  bT2+i`H HBM2 BM  }MH bT2+i`mK rQmH/ ?p2
BM+Q``2+i HBM2 rB/i? Ur`QM;Hv #`Q/V M/fQ` BMi2MbBivX h?Bb 7`2[m2M+v ǳTm`BivǴ
Kmbi #2 ;m`Mi22/ #27Q`2 HH 6JGP Q#b2`piBQMbX q2 i?mb +``B2/ Qmi 6JGP
Q#b2`piBQMb Q7 M `iB}+BH +QMiBMmQmb rp2 U*qV i N3Xy :>x rBi? }p2 6JSb
Ub22 i#H2 8XjV M/ i?2 ?B;?2bi `2bQHmiBQM KQ/2 Q7 i?2 bT2+i`QK2i2` aJ98 U
iQiH #M/ rB/i? Q7 R8Xek8 J>x-  +?MM2H rB/i? Q7 jX3R F>xVX h?2 i2H2b+QT2
Mi2MM Bb }t2/ i M 2H2piBQM Q7 dy /2; /m`BM; M Q#b2`piBQMX 7i2` Q#iBMBM;
+H2M2/ iBK2bi`2Kb mbBM; i?2 bB;MH T`Q+2bbBM;- r2 +`2i2 i?2 }MH bT2+i`mK Q7
*q HBF2 };m`2 8Xk M/ i?2M +QM/m+i  :mbbBM }i iQ Bi 7Q` /2`BpBM; HBM2 rB/i?
M/ +2Mi2` 7`2[m2M+v Q7  *q bT2+i`mKX
h?2 `2bmHib Q7 :mbbBM }iiBM;b /2`Bp2/ 7`QK HH 6JGP K2bm`2K2Mib Q7 }p2
6JSb `2 HBbi2/ BM i#H2 8Xj- r?B+? BM/B+i2b i?i i?2 6q>Jb Q7 :mbbBM `2 M`@
`Qr2` i?M i?i Q7 +?MM2H rB/i? UjX3R F>xVX h?Bb ;m`Mi22b i?i i?2 7`2[m2M+v
Tm`Biv K22ib i?2 bT2+B}+iBQM 2p2M rBi? i?2 ?B;? 7`2[m2M+v `2bQHmiBQM KQ/2 Q7
dy
LQX 6J rB/i? UJ>xV 6J bi2T UF>xfbKTH2V :mbbBM 6q>J UF>xV
R eyXNe 9NNX9N kXNyy
k eyXNe k9NXN9 kX3e9
j eyXNe Rk9X8N kXN3y
9 eyXNe ekX3e8 kX3ej
8 eyXNe jRXekj kX38y
h#H2 8Xj, h?2 T`K2i2`b Q7 7`2[m2M+v KQ/mHiBQM Tii2`Mb mb2/ 7Q` +QMiBMmQmb rp2 K2bm`2@
K2Mib M/ i?2 6q>Jb Q7 :mbbBM /2`Bp2/ 7`QK :mbbBM }iiBM; iQ i?2 }MH bT2+i`mK Q7 2+?
K2bm`2K2MiX h?2 6J rB/i? mb2/ `2 Km+? rB/2` i?M i?2 iQiH #M/ rB/i? UR8Xek8 J>xV #2+mb2
r2 BK iQ i2biB7v i?2 7`2[m2M+v Tm`Biv mM/2`  bm+? 2ti`2K2 +QM/BiBQMX
aJ98X
8XkXk hBK2 bvM+?`QMBxiBQM
b /2b+`B#2/ BM Ȝ jXk- i?2 bvM+?`QMBxiBQM #2ir22M i?2 7`2[m2M+v KQ/mHiBQM M/
i?2 /i +[mBbBiBQM Q7 i?2 bT2+i`QK2i2` Kmbi #2 /Dmbi2/ #27Q`2 Q#b2`piBQM BM
Q`/2` iQ pQB/ bT2+i`mK H2FBM; BM iBK2bi`2KbX q2 /Dmbi2/ i?Bb bvM+?`QMBxiBQM
#v Q#b2`pBM; #`B;?i bT2+i`H HBM2b rBi? +?M;BM; i?2 i`B;;2` /2Hv T`K2i2` r?B+?
/272`b  bi`i iBK2 Q7  rp27Q`K ;2M2`iQ`Ƕb QmiTmi U`2+iM;mH` rp2V 7i2`
i`B;;2`2/ #v i?2 RTTb bB;MH Q7 i?2 bvbi2K +HQ+FX
AM i?2 +b2 Q7 LQ#2vK 98 K- r2 Q#b2`p2/ #`B;?i i?2 aBP C4kĜR- p4R Kb2`
HBM2 i νrest = 86.24337 :>x rBi? p`vBM; i?2 i`B;;2` /2Hv T`K2i2`Ƕb pHm2
7`QK @dy Kb iQ Y ky Kb BM KB/ Jv M/ 2`Hv CmHv Q7 kyRdX 6B;m`2 8Xj b?Qrb
i?2 `2bmHi Q7 i?2b2 Q#b2`p`BQMbX h?2 `B;?i bB/2 Q7 i?2 };m`2 b?Qrb i?2 H2FBM;
bT2+i` 2tBbi M2ti iQ i?Qb2 Q7 i?2 KBM i i?2 T`QT2` 7`2[m2M+vX G2FBM; bT2+i`
`2 /BKBMBb?BM; b i`B;;2` /2Hv T`K2i2`Ƕb pHm2 BM+`2b2b- r?B+? bm;;2bib i?2
2t+i iBK2 bvM+?`QMBxiBQM `2[mB`2b  i`B;;2` /2Hv T`K2i2`Ƕb pHm2 b ∼ 20 KbX
q2 [mMiBiiBp2Hv /2`Bp2 i?2 2t+i pHm2 #v +H+mHiBM; i?2 H2FBM; `i2 Q7 2+?
i`B;;2` /2Hv T`Ki2` M/ BMi2`TQHiBQM Q7 /i TQBMibX h?2 H27i bB/2 Q7 i?2 };m`2
Bb i?2 `2HiBQM #2ir22M i`B;;2` /2Hv T`K2i2`b M/ H2F;2 `i2b- fleakX h?2
H2F;2 `i2 Bb i?2 7`+iBQM Q7 BMi2;`i2/ BMi2MbBiv Q7 H2FBM; bT2+imK Qp2` i?i Q7
dR
6B;m`2 8Xj, h?2 `2bmHi Q7 iBK2 bvM+?`QMBxiBQM #2ir22M i?2 7`2[m2M+v KQ/mHiBQM M/ i?2 /i
+[mBbBiBQM Q7 i?2 bT2+i`QK2i2` aJ98 BM LQ#2vK 98 KX UH27iV bT2+i`mK H2F;2 `i2- fleak- b
 7mM+iBQM Q7 i?2 i`B;;2` /2Hv T`K2i2` BM mMBib Q7 KBHHBb2+QM/X h?2 }p2 TQBMib `2 Q#iBM2/ #v
BMi2;`i2/ BMi2MbBiv `iBQ Ileak/(Imain + Ileak) ≡ fleak 7`QK i?2 bT2+i` BM JB/ Jv kyRd b?QrM BM
i?2 `B;?i TM2HX h?2 HBM2` }i iQ i?2 TQBMib vB2H/b i?2 QTiBKH i`B;;2` /2Hv T`K2i2`Ƕb pHm2 b
Yk9X8N Kb UJB/ Jv kyRdV M/ YkeXRj Kb U1`Hv CmM2 kyRdVX U`B;?iV h?2 bT2+i` Q7 aBP Kb2`
HBM2b Q7 _@G2Q Q#b2`p2/ rBi? p`BQmb i`B;;2` /2Hv T`K2i2`bX h?2 bT2+i` `2 +`2i2/ #v i?2 +H2M2/
iBK2bi`2K mbBM; QMHv i?2 bKTH2b r?Qb2 6J +?MM2Hb- ξ(n)- 7mH}HH ξ(n)− ξ(n− 1) > 0X h?2 HBM2b
rBi?BM  b?/BM; `2 i?2 H2FBM; bT2+i` 7`QK /D+2Mi iBK2 bKTH2bX
iQiH UKBM M/ H2FBM;V bT2+i`,
fleak =
Ileak
Imain + Ileak
U8XRV
r?2`2 I /2MQi2b BMi2;`i2/ BMi2MbBiv Q7 bT2+i`mK- I = ∫ T ∗AdνX b `2bmHib Q7
BMi2`TQHiBQM Q7 /i TQBMib Q7 irQ Q#b2`piBQM b2bQMb- r2 /2`Bp2 i?2 QTiBKH
i`B;;2` /2Hv T`K2i2`Ƕb pHm2 b Yk9X8N Kb UKB/ Jv kyRdV M/ YkeXRj Kb
U2`Hv CmM2 kyRdV- `2bT2+iBp2HvX h?2 /Bz2`2M+2 Q7 pHm2b #2ir22M irQ Q#b2`piBQM
b2bQMb Bb ∼RX8 Kb- r?B+? Bb bKHH 2MQm;? +QKT`2/ iQ i?2 b2iiHBM; iBK2 U! 8 KbV
Q7 i?2 bB;MH ;2M2`iQ`X h?Bb K2Mb i?i i?2 bT2+i`mK H2FBM; Bb 2tT2+i2/ MQi
iQ Q++m` B7 r2 b2i i?2 i`B;;2` /2Hv T`K2i2`Ƕb pHm2 bQ i?i i?2 /i [mBbBiBQM
bi`ib /m`BM; i?2 b2iiHBM; iBK2X AM i?2 7QHHQrBM; 6JGP Q#b2`piBQMb- r2 b2i i?2
QTiBKH i`B;;2` /2Hv T`K2i2`Ƕb pHm2 b Yk8 Kb M/ +QM}`K i?i bT2+i`mK
H2FBM; /B/ MQi Q++m` i 2+? bB;MH T`Q+2bbBM; Q7 iBK2bi`2KX
AM i?2 +b2 Q7 ah1 Ry K- r2 Q#b2`p2/ iKQbT?2`B+ *PUjĜkV- p4y `QiiBQMH
HBM2 i νrest = 345.79599 :>x BM KB/ m;mbi kyRe #2+mb2 MQ #`B;?i bi`QMQKB+H
dk
6B;m`2 8X9, h?2 `2bmHi Q7 iBK2 bvM+?`QMBxiBQM #2ir22M i?2 7`2[m2M+v KQ/mHiBQM M/ i?2 /i
+[mBbBiBQM Q7 i?2 bT2+i`QK2i2` J* BM ah1 Ry KX UH27iV bT2+i`mK H2F;2 `i2- fleak- b 
7mM+iBQM Q7 i?2 i`B;;2` /2Hv T`K2i2` BM mMBib Q7 KBHHBb2+QM/X h?2 }p2 TQBMib `2 Q#iBM2/ #v
BMi2;`i2/ BMi2MbBiv `iBQ Ileak/(Imain + Ileak) ≡ fleak 7`QK i?2 bT2+i` b?QrM BM i?2 `B;?i TM2HX
h?2 HBM2` }i iQ i?2 TQBMib vB2H/b i?2 QTiBKH i`B;;2` /2Hv T`K2i2`Ƕb pHm2 b YkX3j KbX U`B;?iV
h?2 bT2+i` Q7 iKQbT?2`B+ *P UjĜkV HBM2b Q#b2`p2/ rBi? p`BQmb i`B;;2` /2Hv T`K2i2`bX h?2
bT2+i` `2 +`2i2/ #v i?2 +H2M2/ iBK2bi`2K mbBM; QMHv i?2 bKTH2b r?Qb2 6J +?MM2Hb- ξ(n)-
7mH}HH ξ(n) − ξ(n − 1) > 0X h?2 HBM2b rBi?BM  b?/BM; `2 i?2 H2FBM; bT2+i` 7`QK /D+2Mi iBK2
bKTH2bX
HBM2b r2`2 pBH#H2 /m`BM; i?2 +QKKBbbBQMBM;X q2 p`B2/ i?2 i`B;;2` /2Hv T`K@
2i2` 7`QK @ed Kb iQ Y R KbX 6B;m`2 8X9 b?Qrb i?2 `2bmHi Q7 i?2b2 Q#b2`p`BQMb BM
i?2 bK2 KMM2` b LQ#2vK 98 KX b  `2bmHi Q7 BMi2`TQHiBQM Q7 /i TQBMib-
r2 /2`Bp2 i?2 QTiBKH i`B;;2` /2Hv T`K2i2`Ƕb pHm2 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`;2bi T`BM+BTH +QKTQM2MiX h?2 +B`+H2 K`F2`b `2 2biBKi2/ QTiBKH MmK#2`
Q7 T`BM+BTH +QKTQM2Mib- Kopt- b `2bmHib Q7 2tTQM2MiBH +m`p2 }i /2b+`B#2/ BM Ȝ 9X9X9X h?2 2biBKi2/
P M/ C `2 +QMp2`;2/ 7i2` j9 Bi2`iBQMb- M/ i?2 }MH Kopt = 5 Bb bK2 b i?i Q7 la"X
+QKTQM2MibX *Qp`BM+2 Ki`B+2b 7i2` +Q``2Hi2/ +QKTQM2Mi `2KQpH HbQ b?Qrb
i?i i?2`2 `2 HKQbi MQ +Q``2Hi2/ +QKTQM2Mib `2KBMBM; +QKT`2/ iQ /B;QMH
UmiQ +Q``2HiBQMV pHm2bX
8XjXj +?B2p2/ Q#b2`piBQM 277B+B2M+v
7i2` bm#i`+iBM; iKQbT?2`B+ HBM2b- r2 /2`Bp2  `2bB/mH iBK2bi`2K r?B+? Bb
2tT2+i2/ iQ +QMiBM QMHv MQM@+Q``2Hi2/ MQBb2b- ENCX qBi? i?Bb iBK2bi`2K- r2
2pHmi2 i?2 MQBb2 H2p2H Q7 i?2 }MH bT2+i`mK M/ p2`B7v i?i i?2 +?B2p2/ MQBb2
H2p2H Q7 i?2 6JGP K2i?Q/ +imHHv BKT`Qp2b +QKT`2/ iQ i?i Q7 Saq K2i?Q/X
q2 /2MQi2 i?2 1σ MQBb2 H2p2H Ub2MbBiBpBivV Q7 2+? bT2+i`QK2i2` +?MM2H Q7 
}MH bT2+i`mK b ∆T X AM i?2 +QMp2MiBQMH Saq K2i?Q/- Bi Bb `2T`2b2Mi2/ b `QQi
bmK Q7 i?2 MQBb2b 7`QK PL@ M/ P66@TQBMi,
∆T 2 = ∆T 2ON +∆T
2
OFF U8XkV
3y
6B;m`2 8XRk, h?2 /2KQMbi`iBQM Q7 ?Qr 2B;2M pHm2b +?M;2b BM Bi2`iBp2 T`Q+2bb2b Q7 i?2 1JS*
M/ KQ/2HBM; iKQbT?2`B+ HBM2 2KBbbBQM BM i?2 /i Q7 #HMF bFv i la" U`QmM/ RRy :>xVX h?2 HBM2b
BM/B+i2 i?2 pHm2 Q7 2B;2M pHm2b U2[mBpH2Mi iQ p`BM+2 Q7 /i TQBMib HQM; i?2 tBb Q7 2B;2Mp2+iQ`V
b  7mM+iBQM Q7 N @i? H`;2bi T`BM+BTH +QKTQM2MiX h?2 +B`+H2 K`F2`b `2 2biBKi2/ QTiBKH MmK#2`
Q7 T`BM+BTH +QKTQM2Mib- Kopt- b `2bmHib Q7 2tTQM2MiBH +m`p2 }i /2b+`B#2/ BM Ȝ 9X9X9X h?2 2biBKi2/
P M/ C `2 +QMp2`;2/ 7i2` d Bi2`iBQMb- M/ i?2 }MH Kopt = 5 Bb bK2 b i?i Q7 Ga"X
aBM+2 i?2 PL@ M/ P66@bQm`+2 BMi2;`iBQM iBK2b `2 2[mH BM ;2M2`H- r2 +M
r`Bi2 ∆T b i?2 7QHHQrBM; 2[miBQM,
∆TPSW =
√
2Tsys√
∆ν tON
U8XjV
r?2`2 Tsys Bb bvbi2K MQBb2 i2KT2`im`2 Q7  i2H2+QT2 i Q#b2`p2/ 7`2[m2M+v- ∆ν
Bb +?MM2H rB/i? Q7  bT2+i`QK2i2`- M/ tON Bb M PL@bQm`+2 BMi2;`iBQM iBK2 iQ
#2 mb2/ iQ KF2  bT2+i`mKX AM i?2 T`QTQb2/ 6JGP K2i?Q/- r2 /QMǶi Q#b2`p2
P66@TQBMi #mi KQ/2H Bi #v i?2 +Q``2Hi2/ +QKTQM2Mi `2KQpH- r?B+? Bb 2tT2+i2/
iQ #2 H2bb MQBb2b 7`QK i?2 KQ/2H iQ #2 //2/ iQ PL@TQBMi iBK2bi`2KX aBM+2 ∆T
Q7 i?2 6JGP K2i?Q/ Bb HbQ T`QTQ`iBQMH iQ Tsys/
√
∆ν tON- r2 +M r`Bi2 Bi b i?2
7QHHQrBM; 2[miBQM,
∆TFMLO =
α Tsys√
∆ν tON
U8X9V
3R
6B;m`2 8XRj, h?2 TQr2` bT2+i`mK /2MbBiB2b USa.bV +`2i2/ #v p`BQmb iBK2bi`2Kb Q7 #HMF bFv
`QmM/ N3 :>x UGa"V mbBM; i?2 q2H+? K2i?Q/, UV i?2 QM2 +`2i2/ #v T calib #27Q`2 ;BM +Q``2+iBQM
UBX2X- i?2 }`bi Qmi2` HQQT Q7 i?2 TBT2HBM2 H;Q`Bi?Kc #Hm2 HBM2V- U#V i?2 QM2 +`2i2/ #v T calib 7i2` ;BM
+Q``2+iBQM Ui?2 b2+QM/ Qmi2` HQQTc ;`22M HBM2V- M/ U+V i?2 QM2 +`2i2/ #v T a∗ U`2/ HBM2VX q2 MQi2
i?i T2`BQ/B+ TQr2` ~m+imiBQMb `2 Q#b2`p2/ i iBK2 7`2[m2M+v Q7 ∼ 2 >x- r?B+? Bb BM/2T2M/2Mi QM
i?2 7`2[m2M+v KQ/mHiBQM Tii2`M mb2/ 7Q` M 6JGP Q#b2`piBQMX
r?2`2 α Bb  7+iQ` Q7 MQBb2 +QMi`B#miBQM 7`QK +Q``2Hi2/ +QKTQM2Mi `2KQpH M/
2tT2+i2/ iQ #2 H2bb i?M √2X A7 +QKT`BM; #Qi? MQBb2 H2p2H Q7 Saq M/ 6JGP
K2i?Q/ rBi? i?2 bK2 PL@bQm`+2 BMi2;`iBQM iBK2- i?2 6JGP K2i?Q/ Bb 2tT2+i2/
iQ BKT`Qp2 i?2 b2MbBiBpBiv √2/α iBK2b #2ii2` i?M i?i Q7 Saq K2i?Q/X A7 +QK@
T`BM; #Qi? MQBb2 H2p2H Q7 Saq M/ 6JGP K2i?Q/ rBi? i?2 bK2 iQiH Q#b2`piBQM
iBK2- r?B+? Bb KQ`2 T`+iB+H +QKT`BbQM r?2M r2 bmTTQb2 M Q#b2`piBQM- i?2
6JGP K2i?Q/ Bb 2tT2+i2/ iQ BKT`Qp2 Km+? KQ`2 b2MbBiBpBiv #2+mb2 Q#b2`pBM;
2{+B2M+v Bb Km+? ?B;?2` i?M i?i Q7 Saq K2i?Q/X q2 ?2`27i2` /2}M2 i?2 Q#@
b2`piBQM 2{+B2M+v- ηobs- b  7`+iBQM Q7 PL@bQm`+2 iBK2 Qp2`  iQiH Q#b2`piBQM
iBK2,
ηobs = tON/tTotal U8X8V
AM i?2 B/2H +b2b r?2`2 i?2 Qp2`?2/ iBK2 bm+? b i2H2b+QT2 bHm2 iBK2 #2ir22M
PL@ M/ P66@TQBMi Bb M2;HB;B#H2- i?2 Q#b2`piBQM 2{+B2M+v Q7 i?2 Saq K2i?Q/
Bb ηobs,PSW ≃ 0.5 #2+mb2 i?2 PL@ M/ P66@bQm`+2 BMi2;`iBQM iBK2b `2 2[mH-
3k
6B;m`2 8XR9, h?2 TQr2` bT2+i`mK /2MbBiB2b USa.bV +`2i2/ #v p`BQmb iBK2bi`2Kb Q7 #HMF bFv
`QmM/ RRy :>x Ula"V mbBM; i?2 q2H+? K2i?Q/, UV i?2 QM2 +`2i2/ #v T calib #27Q`2 ;BM +Q``2+iBQM
UBX2X- i?2 }`bi Qmi2` HQQT Q7 i?2 TBT2HBM2 H;Q`Bi?Kc #Hm2 HBM2V- U#V i?2 QM2 +`2i2/ #v T calib 7i2` ;BM
+Q``2+iBQM Ui?2 b2+QM/ Qmi2` HQQTc ;`22M HBM2V- M/ U+V i?2 QM2 +`2i2/ #v T a∗ U`2/ HBM2VX q2 MQi2
i?i T2`BQ/B+ TQr2` ~m+imiBQMb `2 Q#b2`p2/ i iBK2 7`2[m2M+v Q7 ∼ 2 >x- r?B+? Bb BM/2T2M/2Mi QM
i?2 7`2[m2M+v KQ/mHiBQM Tii2`M mb2/ 7Q` M 6JGP Q#b2`piBQMX
r?BH2 i?i Q7 6JGP Bb ηobs,FMLO ≃ 0.92 #2+mb2 QMHv PL@TQBMi Q#b2`piBQMb `2
HHQ+i2/ iQ i?2 iQiH Q#b2`piBQM iBK2- #mi i?2`2 2tBbib b2iiHBM; iBK2 U! 8 KbV 7Q`
2+? bKTHBM; iBK2 URyy KbV Q7 bT2+i`QK2i2` Ub22 Ȝ jXkVX hFBM; i?2b2 Q#b2`piBQM
2{+B2M+B2b- i?2 b2MbBiBpBiv BKT`Qp2K2Mi Q7 i?2 6JGP K2i?Q/ +QKT`2/ iQ i?i Q7
Saq T2` mMBi iQiH Q#b2`piBQM iBK2- +M #2 2tT`2bb2/ b i?2 7QHHQrBM; 2[miBQM,
ι =
√
2
α
(
ηobs,PSW
ηobs,FMLO
)−1/2
U8XeV
AM Qi?2` rQ`/b- i?Bb BM/B+i2b i?i i?2 6JGP Q#b2`piBQM `2[mB`2b QMHv 1/ι2 Q7
iQiH Q#b2`piBQM iBK2 +QKT`2/ iQ i?i Q7 i?2 Saq iQ +?B2p2 i?2 bK2 b2MbBiBpBiv
Q7 i?2 }MH bT2+i`X
6B;m`2 8XRd M/ 8XR3 b?Qr i?2 }MH bT2+i` Q7 i?2 6JGP K2i?Q/ rBi? i@
KQbT?2`B+ HBM2b bm#i`+i2/- M/ MQBb2 H2p2H +m`p2b 2pHmi2/ 7`QK iBK2bi`2Kb
i?2Kb2Hp2b- QM2b +H+mHi2/ #v mbBM; i?2 2[miBQM 8X9 UrBi? α = 1V- M/ QM2b 2t@
3j
6B;m`2 8XR8, h?2 +Qp`BM+2 Ki`B+2b +`2i2/ #v p`BQmb iBK2bi`2Kb Q7 #HMF bFv `QmM/ N3 :>x
UGa"V, UH27iV i?2 QM2 +`2i2/ #v T calib #27Q`2 ;BM +Q``2+iBQM UBX2X- i?2 }`bi Qmi2` HQQT Q7 i?2 TBT2HBM2
H;Q`Bi?KV- U+2Mi2`V i?2 QM2 +`2i2/ #v T calib 7i2` ;BM +Q``2+iBQM Ui?2 b2+QM/ Qmi2` HQQTV- M/
U`B;?iV i?2 QM2 +`2i2/ #v T a∗ X iBK2bi`2Kb `2 MQ`KHBx2/ bQ i?i /B;QMH pHm2b Q7 i?2 /2`Bp2/
+Qp`BM+2 Ki`Bt `2 mMBivX
T2+i2/ iQ +?B2p2 rBi? Saq Q#b2`piBQMb +QKT`2/ iQ i?2 bK2 Q#b2`piBQM iBK2bX
h?2 MQBb2 H2p2H +m`p2b Q7 iBK2bi`2Kb `2 2biBKi2/ #v i?2 #QQibi`T K2i?Q/ #v
`M/QKHv +?M;BM; bB;Mb Q7 bKTH2b Q7 /2KQ/mHi2/ `2bB/mH iBK2bi`2Kb iQ `2@
bKTH2 i?2 }MH bT2+i` M/ /2`Bp2 i?2 biM/`/ /2pBiBQMX aBM+2 i?2 MmK#2` Q7
bKTH2b U∝ PL@bQm`+2 iBK2V Q7 2+? +?MM2H Q7 /2KQ/mHi2/ iBK2bi`2Kb /2T2M/b
QM i?2 6JS mb2/ Ub22 Ȝ 8XRXRV- i?2 MQBb2 H2p2H ;2ib rQ`b2 M2` i?2 2/;2 Q7 bT2+i`X
b i?2 `2bmHib Q7 #Qi? Ga" M/ la"- i?2 7+iQ` Q7 MQBb2 +QMi`B#miBQM 7`QK
+Q``2Hi2/ +QKTQM2Mi `2KQpH Bb +?B2p2/ iQ #2 α ∼ 1.1 Qp2` Q#b2`p2/ #M/- r?B+?
Bb 2biBKi2/ #v /BpB/BM; ;`22M HBM2b #v `2/ QM2bX AM Qi?2` rQ`/b- 2[mBpH2Mi MQBb2b
7`QK P66@TQBMi `2 ∆TOFF =
√
1.12 − 12 (Tsys/
√
∆ν tON) ∼ 0.46Tsys/
√
∆ν tON-
r?B+? K2Mb KQ`2 i?M irB+2 ++m`i2 2biBKi2b Q7 BM@bBim #b2HBM2 `2 +?B2p2/
rBi? i?2 6JGP K2i?Q/X
h?2 +?B2p2/ BKT`Qp2M2Mi Q7 b2MbBiBpBiv Q7 i?2 6JGP K2i?Q/ ++Q`/BM; iQ i?2
2[miBQM 8Xe Bb ι = 1.74- Q` i?2 6JGP Q#b2`piBQM `2[mB`2b QMHv 1/ι2 = 33 W Q7
iQiH Q#b2`piBQM iBK2 +QKT`2/ iQ i?i Q7 i?2 Saq iQ +?B2p2 i?2 bK2 b2MbBiBpBiv
Q7 i?2 }MH bT2+i`X AM Qi?2` rQ`/b- r2 2[mBpH2MiHv Q#b2`p2 rBi?  i2H2b+QT2 r?Qb2
bvbi2K MQBb2 i2KT2`im`2 Bb (1− 1/1.74) ∼ 43 W HQr2` i?M i?2 T`2pBQmb QM2X
AM i?2 +imH Q#b2`piBQMb- Q#b2`piBQM 2{+B2M+B2b Q7 #Qi? 6JGP M/ Saq
K2i?Q/ `2 HQr2` i?M B/2H QM2bX 6Q` 2tKTH2 Q7 #HMF bFv Q#b2`piBQMb r2 mb2/
39
6B;m`2 8XRe, h?2 +Qp`BM+2 Ki`B+2b +`2i2/ #v p`BQmb iBK2bi`2Kb Q7 #HMF bFv `QmM/ RRy :>x
Ula"V, UH27iV i?2 QM2 +`2i2/ #v T calib #27Q`2 ;BM +Q``2+iBQM UBX2X- i?2 }`bi Qmi2` HQQT Q7 i?2 TBT2HBM2
H;Q`Bi?KV- U+2Mi2`V i?2 QM2 +`2i2/ #v T calib 7i2` ;BM +Q``2+iBQM Ui?2 b2+QM/ Qmi2` HQQTV- M/
U`B;?iV i?2 QM2 +`2i2/ #v T a∗ X iBK2bi`2Kb `2 MQ`KHBx2/ bQ i?i /B;QMH pHm2b Q7 i?2 /2`Bp2/
+Qp`BM+2 Ki`Bt `2 mMBivX
7Q` i?2 p2`B}+iBQM- ηobs,FMLO M/ ηobs,PSW `2 yXeN M/ yX9k- `2bT2+iBp2HvX h?Bb Bb
#2+mb2 #Qi? Q#b2`piBQMb `2 b?Q`i UQM@bQm`+2 iBK2 Q7 8 KBMV M/ i?2 7`+iBQMb
Q7 Qp2`?2/ bm+? b T`2T`iBQM iBK2 #27Q`2 M/ 7i2` PL@ M/ P66@Q#b2`piBQMb
`2 H`;2- +QKT`2/ iQ i?2 ivTB+H b+B2MiB}+ Q#b2`piBQMb UQM@bQm`+2 iBK2 Q7 b2p2`H
?Qm`bVX lbBM; i?2 pHm2b Q7 +imH Q#b2`pBM; 2{+B2M+B2b- ?Qr2p2`- r2 +?B2p2 i?2
BKT`Qp2M2Mi b ι = 1.65- r?B+? Bb HKQbi bK2 pHm2 b i?2 B/2H QM2X q2 HbQ
MQi2 i?i i?2b2 BKT`Qp2K2Mi pHm2b `2 HQr2` HBKBi QM2b, ηobs,PSW Bb ;QBM; iQ #2
Km+? bKHH2` #2+mb2 Q7 H`;2` 7`+iBQM Q7 i2H2b+QT2 bHm2 iBK2 #2ir22M PL@ M/
P66@Q#b2`piBQMb B7 r2 +QM/m+i  b+B2MiB}+ Q#b2`piBQM r?2`2 bBM;H2 Q#b2`piBQM
iBK2 Q7 PL@ M/ P66@TQBMi b?QmH/ #2 b?Q`i2` U< 10 b2+QM/b- 7Q` 2tKTH2V 7Q` i?2
#2ii2` PLĜP66 bm#i`+iBQMX
8XjX9 PTiBKH 7`2[m2M+v KQ/mHiBQM Tii2`M
6Q` i?2 `2bQMb /2b+`B#2/ BM Ȝ 8XRXR- Bi Bb M2+2bb`v iQ /2`Bp2  ;mB/2 iQ M QT@
iBKH 7`2[m2M+v KQ/mHiBQM Tii2`M U6JSV 7Q` M 6JGP Q#b2`piBQMX lbBM;
iBK2bi`2K /i Q7 #HMF bFv Q#b2`p2/ rBi? p`BQmb 6JSb- r2 }MHHv +QM/m+i
bBKHmiBQMb Q7 6JGP Q#b2`piBQMb iQ /2`Bp2 i?2 ;mB/2 #v 2K#2//BM; `iB}+BH
bT2+i`H HBM2b Q7 p`BQmb BMi2MbBiB2b UBX2X- /Bz2`2Mi bB;MH@iQ@MQBb2bV M/ HBM2 rB/i?
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6B;m`2 8XRd, h?2 }MH bT2+i`mK Q7 #HMF bFv `QmM/ N3 :>x UGa"V rBi? iKQbT?2`B+ HBM2 2KBbbBQM
bm#i`+i2/ UHB;?i #Hm2 HBM2VX q2 HbQ THQi, UV MQBb2 H2p2H +m`p2b 2pHmi2/ 7`QK iBK2bi`2Kb i?2K@
b2Hp2b U;`22M HBM2V- U#V QM2b +H+mHi2/ #v mbBM; i?2 2[miBQM 8X9 UrBi? α = 1c `2/ HBM2V- M/ U+V QM2b
2tT2+i2/ iQ +?B2p2 rBi? Saq Q#b2`piBQMb +QKT`2/ iQ i?2 bK2 Q#b2`piBQM iBK2b UTm`TH2 HBM2VX
h?2 MQBb2 H2p2H +m`p2b Q7 iBK2bi`2Kb `2 2biBKi2/ #v i?2 #QQibi`T K2i?Q/ #v `M/QKHv +?M;BM;
bB;Mb Q7 bKTH2b Q7 /2KQ/mHi2/ `2bB/mH iBK2bi`2Kb iQ `2bKTH2 i?2 }MH bT2+i` M/ /2`Bp2 i?2
biM/`/ /2pBiBQMX q2 /2`Bp2 i?2 7+iQ` Q7 MQBb2 +QMi`B#miBQM 7`QK +Q``2Hi2/ +QKTQM2Mi `2KQpH-
α ∼ 1.1 Qp2` Q#b2`p2/ #M/ 2biBKi2/ #v /BpB/BM; UV #v U#VX
BM i?2KX AM i?2 +QKKBbbBQMBM; Q7 LQ#2vK 98 K- r2 Q#iBM2/ iBK2bi`2Kb Q7
#HMF bFv rBi? j9 /Bz2`2Mi 6JSb- r?B+? ?p2 /Bz2`2Mi 6J rB/i?b URyyĜeyyy FKfb
i N3 :>xV M/ 6J bi2Tb U3Ĝk8y FKfb i N3 :>xV bmKK`Bx2/ BM i#H2 8X9 M/
8X8X AM Q`/2` iQ 2HBKBMi2 bT2+i`H HBM2 2KBbbBQM 7`QK i?2 iKQbT?2`2- r2 mb2
iBK2bi`2Kb Q7 QMHv jy 6JSb BM Ga"» #2+mb2 i?2`2 2tBbi bi`QM; QxQM2 HBM2b BM
i?2 Q#b2`p2/ 7`2[m2M+v `M;2 Q7 la" Ub22 };m`2 8XRkVX q2 i?2M KF2 KQ/2H
bT2+i`H HBM2b Q7 :mbbBM M/ `2+iM;mH` b?T2b r?Qb2 HBM2 rB/i?b Q7 8y- Ryy-
M/ jyy FKfb M/ T2F BMi2MbBiB2b Q7 yXR M/ yX8 E- `2bT2+iBp2Hv- 7Q` bBKmHiBQMbX
h?2 7`2[m2M+v i i?2 +2Mi2` Q7 i?2b2 HBM2b Bb N3Xy :>x BM +QKKQMX h?Bb K2Mb
r2 +QM/m+i jey URk KQ/2Hb × jy 6JSbV /Bz2`2Mi bBKmHiBQMbX h?2 `2bQMb r2
+?QQb2 i?2b2 T`K2i2`b `2 b 7QHHQrb,
»q2 mb2  T`i Q7 Ga" iBK2bi`2Kb Ujy Q7 j9V #2+mb2 M QxQM2 HBM2 Bb HQ+i2/ i i?2 2/;2
rBi? 6JSb Q7 H`;2bi 6J rB/i?X a22 HbQ i#H2 8X9
3e
6B;m`2 8XR3, h?2 }MH bT2+i`mK Q7 #HMF bFv `QmM/ RRy :>x Ula"V rBi? iKQbT?2`B+ HBM2 2KBb@
bBQM bm#i`+i2/ UHB;?i #Hm2 HBM2VX q2 HbQ THQi, UV MQBb2 H2p2H +m`p2b 2pHmi2/ 7`QK iBK2bi`2Kb
i?2Kb2Hp2b U;`22M HBM2V- U#V QM2b +H+mHi2/ #v mbBM; i?2 2[miBQM 8X9 UrBi? α = 1c `2/ HBM2V- M/ U+V
QM2b 2tT2+i2/ iQ +?B2p2 rBi? Saq Q#b2`piBQMb +QKT`2/ iQ i?2 bK2 Q#b2`piBQM iBK2b UTm`TH2
HBM2VX h?2 MQBb2 H2p2H +m`p2b Q7 iBK2bi`2Kb `2 2biBKi2/ #v i?2 #QQibi`T K2i?Q/ #v `M/QKHv
+?M;BM; bB;Mb Q7 bKTH2b Q7 /2KQ/mHi2/ `2bB/mH iBK2bi`2Kb iQ `2bKTH2 i?2 }MH bT2+i` M/
/2`Bp2 i?2 biM/`/ /2pBiBQMX q2 /2`Bp2 i?2 7+iQ` Q7 MQBb2 +QMi`B#miBQM 7`QK +Q``2Hi2/ +QKTQM2Mi
`2KQpH- α ∼ 1.1 Qp2` Q#b2`p2/ #M/ 2biBKi2/ #v /BpB/BM; UV #v U#VX
:mbbBM, :mbbBM M/ bBKBH` HBM2 b?T2b `2 mMB7Q`KHv Q#b2`p2/ BM `QiiBM;
Q#D2+ibX "2+mb2  :mbbBM HBM2 ?b 7BMi M/ rB/2 bFB`ib- r2 BK iQ +QM}`K
r?2i?2` bm+? b?T2 Q7 HQr2` bB;MH@iQ@MQBb2 Bb bm++2bb7mHHv `2T`Q/m+2/ BM
bB;MH T`Q+2bbBM;X
_2+iM;mH`, b r2HH b :mbbBM- `2+iM;H2@HBF2 b?T2 `2 Q#b2`p2/ BM 2tTM/@
BM; b?2HHb HBF2 bi2HH` 2Mp2HQT2X "2+mb2  `2+iM;mH` HBM2 ?b bi22T `BbBM;
i i?2 2/;2b Q7 Bi- r2 BK iQ +QM}`K r?2i?2` bm+? b?T2 Bb bm++2bb7mHHv `2@
T`Q/m+2/ M/ HbQ r?2i?2` `iB}+BH +QKTQM2Mib `2 MQi T`Q/m+2/ `QmM/
i?2 2/;2b BM bB;MH T`Q+2bbBM;X
GBM2 rB/i?b, q2 BK iQ bBKmHi2 6q>J HBM2 rB/i?b Q7 bT2+i`H HBM2b- ∆v- 7`QK
;H+iB+ bi`@7Q`KBM; `2;BQM U∆v ! 50 FKfbV iQ 2ti`;H+iB+ ;BMi KQH2+mH`
+HQm/ Q` Qp2`HH ;Htv Bib2H7 U∆v " 100 FKfbVX
3d
S2F BMi2MbBiB2b, q2 BK iQ bBKmHi2 T2F bB;MH@iQ@MQBb2 `iBQb Q7 K`;BMH
U∼ 5V M/ bm{+B2Mi ∼ 30 /2i2+iBQMb- r?B+? +Q``2bTQM/ T2F BMbi2MbBiB2b
Q7 Tpeak = 0.1 M/ yX8 E BM i?2 }MH bT2+i` Q7 #HMF bFv Q#b2`piBQMb-
`2bT2+iBp2Hv Ub22 HbQ };m`2 8XRdVX
h?2 K2i?Q/ Q7 2+? bBKmHiBQM Bb bmKK`Bx2/ BM i?2 7QHHQrBM; bi2TbX q2 MQi2 i?i
r2 bi`i bBKmHiBQM 7i2` ;BM +Q``2+iBQM #2+mb2 i?2 Tm`TQb2 Q7 i?2 bBKmHiBQMb Bb
iQ BMp2biB;i2 QMHv i?2 2z2+i Q7 6JS QMiQ +Q``2Hi2/ MQBb2 `2KQpH M/ KQ/2HBM;
bi`QMQKB+H HBM2 2KBbbBQM- MQi 7Q` 2M/@iQ@2M/ TBT2HBM2 Bib2H7X
ai2T R, _2/m+2 iBK2bi`2K /i Q7  #HMF bFv Q#b2`piBQM Q7  6JS iQ +`2i2
 +H2M2/ KQ/mHi2/ iBK2bi`2K- T Clean- ++Q`/BM; iQ i?2 bB;MH T`Q+2bbBM;
/2b+`B#2/ BM +?Ti2` 9 UBX2X- mbBM; i?2 TBT2HBM2 H;Q`Bi?K Q7 Ȝ 9X8X9VX q2 bFBT
i?2 KQ/2HBM; Q7 iKQbT?2`B+ HBM2 2KBbbBQM #2+mb2 r2 T`2@b2H2+i  MQ@HBM2
/i b K2MiBQM2/ #Qp2X
ai2T k, *`2i2  /2KQ/mHi2/ iBK2bi`2K- T˜ Clean- M/ 2K#2/  KQ/2H HBM2 bT2+@
i`mK s˜model BMiQ 2+? iBK2 bKTH2 Q7 T˜ CleanX h?2M `2@KQ/mHi2 Bi M/ //
 KQ/mHi2/ iBK2bi`2K Q7 +Q``2Hi2/ +QKTQM2Mib- r?B+? `2p2`i Bi iQ  +H@
B#`i2/ iBK2bi`2K- T Calib- rBi? 2K#2//2/ KQ/2H bT2+i`H HBM2 bB;MHbX
ai2T j, _2@`2/m+2 /i +`2i2/ #v bi2T k BM i?2 2t+iHv bK2 KMM2` b bi2T
R iQ +`2i2  +H2M2/ KQ/mHi2/ iBK2bi`2KX AM i?Bb bi2T- ?Qr2p2`- KQ/2H
bT2+iH HBM2 bB;MHb `2 2tT2+i2/ iQ #2 BM+Hm/2/ BM BiX
ai2T 9, 6BMHHv r2 KF2  bT2+i`mK Q7 bBKmHiBQM- s˜sim- 7`QK i?2 +H2M2/ KQ/@
mHi2/ iBK2bi`2KX q?2i?2`  HBM2 Bb `2T`Q/m+2/ T`QT2`Hv 7i2` i?2 bBKmH@
iBQM- r2 +H+mHi2  pHm2 Q7 `2/m+2/ χ2 BM i?2 7QHHQrBM; 2[miBQM,
χ2 =
1
D˜in
D˜in∑
d=1
(
s˜modeld − s˜simd
σ
)2
U8XdV
r?2`2 D˜in Bb i?2 MmK#2` Q7 +?MM2Hb rBi?BM ±3∆v 7`QK i?2 T2F BMi2MbBiv Q7
i?2 KQ/2H HBM2 UHBM2 `2;BQMV- M/ σ Bb ivTB+H MQBb2 H2p2H +H+mHi2/ 7`QK HBM2@
7`22 `2;BQMb +Q``2bTQM/BM; 3∆v rB/i? QmibB/2 #Qi? 2M/b Q7 i?2 HBM2 `2;BQMX
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6B;m`2 8XRN, h?2 `2bmHib Q7 bT2+i`H HBM2 bBKmHiBQMb rBi? bBt `2+iM;mH` KQ/2Hb U∆v =
50, 100, 300 FKfb × Tpeak = 0.1, 0.5 E i N3Xy:>xV 2K#2//2/ iQ iBK2bi`2K Q7 #HMF bFv Q#@
b2`p2/ rBi? i?2 #2bi 6JS U6J rB/i? Bb Ryyy J>x M/ 6J bi2T Bb 3y J>xfbKTH2VX h?2 6JS Bb
i?2 QM2 rBi? r?B+? i?2 H`;2bi 6J rB/i? M/ 6J bi2T `2 mb2/- r?B+? vB2H/b i?2 `2/m+2/ χ2 pHm2b
Q7 yX3dĜRXRX "Hm2 M/ ;`22M HBM2b b?Qr i?2 `2T`Q/m+2/ bT2+i`mK 7i2` bB;MH T`Q+2bbBM; M/ i?2
KQ/2H bT2+i`mK Bib2H7- `2bT2+iBp2HvX
b `2bmHib Q7 HH bBKmHiBQMb- r2 Q#iBM `2T`Q/m+2/ KQ/2H bT2+i` M/ i?2B`
`2/m+2/ χ2 pHm2bX 6B`bi Q7 HH- r2 }M/ i?2 #2bi 6JS rBi?BM pHm2 `M;2b Q7 6J
rB/i? M/ bi2Tb BM i#H2 8X9 M/ 8X8, M 6JS r?Qb2 6J rB/i? Bb Ryyy J>x
M/ 6J bi2T Bb 3y J>xfbKTH2- rBi? r?B+? T2F@iQ@T2F pHm2 Q7 `2/m+2/ χ2
Q7 HH Rk KQ/2Hb Bb i?2 bKHH2bi Uχ2 = 0.87 − 1.1V KQM; HH 6JSbX 6B;m`2 8XRN
M/ 8Xky b?Qr i?2 HH bT2+i` Q7 `2T`Q/m+2/ KQ/2Hb M/ KQ/2Hb i?2Kb2Hp2b- r?B+?
/2MQKbi`i2 i?i KQ/2Hb M/ bBKmHiBQMb `2 +QMbBbi2Mi rBi?BM i?2 MQBb2 H2p2HX
hFBM; HH `2bmHib BMiQ ++QmMi- r2 i?2M /2`Bp2 i?2 ;mB/2 7Q` M QTiBKH 6JS
UrBi? r?B+? i?2 #2bi 6JS ;`22b- Q7 +Qm`b2V b 7QHHQrb,
:mB/2 iQ 6J rB/i?, M 6J rB/i? Kmbi #2 rB/2` i?M i?2 6q>J HBM2 rB/i?-
∆v- Q7 M Q#b2`p2/ bT2+i`H HBM2 `2;`/H2bb Q7 Bib T2F BMi2MbBiv UBX2X- bB;MH@
iQ@MQBb2V M/ HBM2 b?T2X A7 M 6J rB/i? Bb M``Qr2` i?M ∆v- i?2M i?2
T2F BMi2MbBiv Q7 i?2 `2T`Q/m+2/ HBM2 rBHH #2 HQr2` UQ` HKQbi MQM@/2i2+iBQMV
i?M i?i Q7 BMi`BMbB+ pHm2X
3N
6B;m`2 8Xky, h?2 `2bmHib Q7 bT2+i`H HBM2 bBKmHiBQMb rBi? bBt `2+iM;mH` KQ/2Hb U∆v =
50, 100, 300 FKfb × Tpeak = 0.1, 0.5 E i N3Xy:>xV 2K#2//2/ iQ iBK2bi`2K Q7 #HMF bFv Q#@
b2`p2/ rBi? i?2 #2bi 6JS U6J rB/i? Bb Ryyy J>x M/ 6J bi2T Bb 3y J>xfbKTH2VX h?2 6JS Bb
i?2 QM2 rBi? r?B+? i?2 H`;2bi 6J rB/i? M/ 6J bi2T `2 mb2/- r?B+? vB2H/b i?2 `2/m+2/ χ2 pHm2b
Q7 yX33ĜRXRX "Hm2 M/ ;`22M HBM2b b?Qr i?2 `2T`Q/m+2/ bT2+i`mK 7i2` bB;MH T`Q+2bbBM; M/ i?2
KQ/2H bT2+i`mK Bib2H7- `2bT2+iBp2HvX
:mB/2 iQ 6J bi2T, M 6J bi2T b?QmH/ #2 rB/2` b Km+? b TQbbB#H2 BM i?2
mbBM; 6J rB/i?X h?2 pHm2 Q7 M 6J bi2T /Q2bMǶi z2+i i?2 }MH T2F
BMi2MbBiv Q7 i?2 `2T`Q/m+2/ HBM2- ?Qr2p2`- χ2 pHm2 Q7 i?2 }`bi Bi2`iBQM 7i2`
+Q``2Hi2/ +QKTQM2Mi `2KQpH rBHH #2 #2ii2` U+HQb2` iQ mMBivV B7 rB/2` 6J
bi2T Bb mb2/X
h?2 ;mB/2 Bb H2/ #v `2/m+2/ χ2 pHm2b 2tT`2bb2/ b ?2iKTbX 6B;m`2 8XkR iQ
8Xkk b?Qr i?2 ?2iKTb Q7 i?2K rBi? :mbbBM KQ/2H Q7 p`BQmb ∆v M/ Tpeak-
r?B+? BM/B+i2b i?i i?2 `2/m+2/ χ2 Bb b2MbBiBp2 iQ i?2 6J rB/i?X h?Bb i`2M/ Bb
`2K`F#H2 r?2M 6J rB/i? Bb bKHH2` i?M ∆v, AM i?2 +b2 Q7 ∆v = 300 FKfb-
7Q` 2tKTH2- i?2 `2/m+2/ χ2 #2+QK2 /`biB+HHv rQ`b2 i 6J rB/i? Bb ekX8 M/
jRXk8 J>x U+Q``2bTQM/BM; RNR- Ne FKfbV- `2bT2+iBp2HvX Ai Bb  `2bQM#H2 `2bmHi
#2+mb2 HBM2 b?T2 +MMQi #2 /BbiBM;mBb?2/ r?2i?2` Bi Bb HBM2 Q` ǳ#b2ǴHBM2 UQM2 Q7
+Q``2Hi2/ +QKTQM2MibV #v S* M/ i?2 1JS* M/ Km+? KQmMi Q7 HBM2 b?T2
biBHH `2KBMb BM  iBK2bi`2K Q7 +Q``2Hi2/ +QKTQM2MibX PM i?2 Qi?2` ?M/- Bi
Ny
b22Kb i?i i?2 pHm2 Q7 6J bi2T /Q2bMǶi +?M;2 i?2 pHm2b Q7 `2/m+2/ χ2 /`biB+HHvX
Ai z2+ib- ?Qr2p2`- i?2 pHm2b Q7 i?2 }`bi Bi2`iBQM 7i2` +Q``2Hi2/ +QKTQM2Mi
`2KQpH b b?QrM BM };m`2 8Xkj iQ 8Xk9X h?Bb bm;;2bib i?i M``Qr2` 6J bi2T Kv
KBbb  7BMi HBM2 /2i2+iBQM B7 r2 mb2 nσ@+miQz K2i?Q/ 7Q` KQ/2HBM; bi`QMQKB+H
bT2+i`H HBM2 Ub22 Ȝ 9X8XkV #2+mb2 i?2 T2F bB;MH@iQ@MQBb2 i i?2 }`bi Bi2`iBQM
Kv #2 HQr2` i?M i?2 i?`2b?QH/- θcutoﬀ X h?2 `2bmHib Q7 ?2iKTb Q7 `2+iM;mH`
KQ/2Hb- M/ HH `2T`Q/m+2/ KQ/2H bT2+i` Q7 2+? bBKmHiBQM `2 b?QrM BM i?2
TT2M/Bt  b amTTH2K2Mi`v };m`2b UXR iQ XReVX
NR
6B;m`2 8XkR, >2iKTb Q7 `2/m+2/ χ2 #2ir22M `2T`Q/m+2/ M/ KQ/2H bT2+i` Q7 :mbbBM KQ/2Hb
U∆v = 50, 100, 300 FKfb 7`QK H27i iQ `B;?i- Tpeak = 0.5 E i N3Xy :>xV +H+mHi2/ 7Q` p`BQmb 6JSbX
h?2 MmK#2`b BM 2+? +2HH `2 i?2 pHm2b Q7 `2/m+2/ χ2 r?B+? `2 /2`Bp2/ mbBM; ±3∆v 7`2[m2M+v
`M;2 b HBM2 `2;BQM M/ ±[3∆v, 6∆v] b HBM2@7`22 `2;BQMb 7Q` +H+mHiBM; MQBb2 H2p2HX
6B;m`2 8Xkk, >2iKTb Q7 `2/m+2/ χ2 #2ir22M `2T`Q/m+2/ M/ KQ/2H bT2+i` Q7 :mbbBM KQ/2Hb
U∆v = 50, 100, 300 FKfb 7`QK H27i iQ `B;?i- Tpeak = 0.1 E i N3Xy :>xV +H+mHi2/ 7Q` p`BQmb 6JSbX
h?2 MmK#2`b BM 2+? +2HH `2 i?2 pHm2b Q7 `2/m+2/ χ2 r?B+? `2 /2`Bp2/ mbBM; ±3∆v 7`2[m2M+v
`M;2 b HBM2 `2;BQM M/ ±[3∆v, 6∆v] b HBM2@7`22 `2;BQMb 7Q` +H+mHiBM; MQBb2 H2p2HX
Nk
6B;m`2 8Xkj, >2iKTb Q7 `2/m+2/ χ2 7i2` bm#i`+iBM; +Q``2Hi2/ +QKTQM2Mib i i?2 }`bi Bi2`iBQM
#2ir22M `2T`Q/m+2/ M/ KQ/2H bT2+i` Q7 :mbbBM KQ/2Hb Uδv = 50, 100, 300 FKfb 7`QK H27i iQ
`B;?i- Tpeak = 0.5 E i N3Xy :>xV +H+mHi2/ 7Q` p`BQmb 6JSbX h?2 T`K2i2`b mb2/ 7Q` +H+mHiBM;
`2/m+2/ χ2 `2 bK2 b };m`2 8XkRX
6B;m`2 8Xk9, >2iKTb Q7 `2/m+2/ χ2 7i2` bm#i`+iBM; +Q``2Hi2/ +QKTQM2Mib i i?2 }`bi Bi2`iBQM
#2ir22M `2T`Q/m+2/ M/ KQ/2H bT2+i` Q7 :mbbBM KQ/2Hb Uδv = 50, 100, 300 FKfb 7`QK H27i iQ
`B;?i- Tpeak = 0.1 E i N3Xy :>xV +H+mHi2/ 7Q` p`BQmb 6JSbX h?2 T`K2i2`b mb2/ 7Q` +H+mHiBM;
`2/m+2/ χ2 `2 bK2 b };m`2 8XkkX
Nj
LQX rR† rk rj r9 r8 re rd
6J rB/i? UJ>xV kyyy Ryyy 8yy k8y Rk8 ekX8 jRXk8
6J rB/i? UFKfbV eRky jyey R8jy de8 j3k RNR Ne
P#b2`p2/ rB/i? UJ>xV 9yyy jyyy k8yy kk8y kRk8 kyekX8 kyjRXk8
P#b2`p2/ rB/i? UFKfbV Rkkyy NR3y de8y e33y e8yy ejRy ekRy
h#H2 8X9, h?2 7`2[m2M+v KQ/mHiBQM U6JV rB/i?b M/ +Q``2bTQM/BM; iQiH Q#b2`p2/ 7`2[m2M+v
rB/i? Q7 i?2 bT2+i`QK2i2` UaJ98V Q7 LQ#2vK 98 K mb2/ 7Q` i?2 bBKmHiBQMbX h?2 +Q``2bTQM/BM;
rB/i?b BM p2HQ+Biv- ∆v- (≃ c∆ν/νobsV `2 HbQ HBbi2/- r?2`2 c Bb i?2 bT22/ Q7 HB;?i BM p+mmK- ∆ν Bb
6J rB/i? BM 7`2[m2M+v- M/ νobs Bb Q#b2`p2/ 7`2[m2M+v UN3Xy :>xVX
LQX bR bk bj b9 b8 be
6J bi2T UJ>xfbKTH2V 3y 9y ky Ry 8 kX8
6J bi2T UFKfbfbKTH2V k98 Rkk eR jR R8 dXe
h#H2 8X8, h?2 7`2[m2M+v KQ/mHiBQM U6JV bi2Tb mb2/ 7Q` i?2 bBKmHiBQMbX h?2 +Q``2bTQM/BM; bi2Tb
BM p2HQ+Biv- ∆v- (≃ c∆ν/νobsV `2 HbQ HBbi2/- r?2`2 c Bb i?2 bT22/ Q7 HB;?i BM p+mmK- ∆ν Bb 6J
rB/i? BM 7`2[m2M+v- M/ νobs Bb Q#b2`p2/ 7`2[m2M+v UN3Xy :>xVX
N9
h?2`2 b?QmH/ #2 QM2 Ĝ M/ T`272`#Hv QMHv QM2 Ĝ
Q#pBQmb rv iQ /Q BiX Hi?Qm;? i?i rv Kv MQi
#2 Q#pBQmb i }`bi mMH2bb vQmǶ`2 .mi+?X
6`QK i?2 w2M Q7 Svi?QM- #v hBK S2i2`b
6
a+B2M+2 .2KQMbi`iBQM
h?Bb +?Ti2` /2b+`B#2b i?2 `2bmHib Q7 bT2+i`H M/ KTTBM; Q#b2`piBQMb rBi? i?2
6JGP K2i?Q/ Q7 bi`QMQKB+H i`;2ib r?B+? ?p2 #`B;?i UT ∗A ∼ 10−1 − 101 E i
T2FV HBM2 2KBbbBQM BM Ubm#VKBHHBK2i2` rp2H2M;i? M/ i?mb mbmHHv Q#b2`p2/ 7Q`
i?2 b+B2M+2 /2KQMbi`iBQM Q7  M2r BMbi`mK2MibX lMHBF2 i?2 6JGP Q#b2`piBQMb
/2b+`B#2/ BM +?Ti2` 9- HH i?2 /i Q7 i?Bb +?Ti2` +QMiBM bi`QMQKB+H bB;MHb
Q#b2`p2/ rBi? i?2 QTiBKH 7`2[m2M+v KQ/mHiBQM Tii2`M- M/ i?2 `2bmHiBM; bT+i`
M/fQ` KT b?QmH/ #2 +QKT`2/ rBi? i?Qb2 Q#b2`p2/ rBi? i?2 +QMp2MiBQMH TQ@
bBiBQM brBi+?BM; USaqV K2i?Q/ 7Q` i?2 +QMbBbi2M+B2b BM BMi2MbBiv- bT2+i`H b?T2-
M/ bTiBH /Bbi`B#miBQM UBM i?2 +b2 Q7 KTTBM;VX h?2`2 2tBbib- ?Qr2p2`- bQK2
TQBMiBM; 2``Q`b #2ir22M i?2 Saq M/ 6JGP Q#b2`piBQMb Q7 i?2 bK2 i`;2i /m2
iQ p`BiBQMb Q7 rBM/ bT22/ M/fQ` /B`2+iBQM- M/ /27Q`KiBQM Q7 i2H2b+QT2 /Bb?X
h?2b2 2``Q` +MMQi #2 +Q``2+i2/ #2+mb2 r2 +MMQi Q#b2`p2 Bi bBKmHiM2QmbHv rBi?
#Qi? K2i?Q/b- r?B+? Kv `2bmHi BM M BMi2MbBiv ~m+imiBQM Q7 bT2+i`H HBM2 2KBb@
bBQM #2ir22M irQ Q#b2`piBQMbX AM i?2 7QHHQrBM; b2+iBQMb- r2 i?2`27Q`2 /Bb+mbb
i?2 +QMbBMi2M+v Q7 M 6JGP Q#b2`piBQM rBi? i?i Q7 Saq QM2 iFBM; BMi2MbBiv
~m+imiBQM BMiQ +QMbB/2`iBQMX h?2 T`K2i2`b M/ +QM/BiBQMb Q7 i?2 #Qi? 6JGP
M/ Saq Q#b2`piBQMb `2 bmKK`Bx2/ BM i#H2 8XR M/ 8XkX
.m`BM; i?2 +QKKBbbBQMBM; Q7 i?2 6JGP K2i?Q/- r2 +``B2/ Qmi bT2+i`H HBM2
N8
Q#b2`piBQMb iQr`/ i?`22 ;H+iB+ i`;2ib, A_* YRykRe- P`BQM EG `2;BQM- M/
A_a RekNjĜk9kk r?B+? `2 mbmHHv Q#b2`p2/ b ǳbiM/`/ bQm`+2bǴ 7Q` #bQHmi2
BMi2MbBiv +HB#`iBQM Q7  bT2+i`H HBM2 Q#b2`piBQMX q2 HbQ +``B2/ Qmi KTTBM;
Q#b2`piBQMb- #mi r2 QMHv i`;2i2/ P`BQM EG `2;BQM #2+mb2 Q7 iBK2 HBKBiiBQM BM
i?2 +QKKBbbBQMBM; T2`BQ/bX h?2b2 i`;2ib `2 #`B2~v bmKK`Bx2/ b 7QHHQrb,
A_* YRykRe h?2 A_* YRykRe Bb  i?B+F /mbiv 2Mp2HQT2 Ubi2HH` 2D2+iV Q7 *q
G2QMBb-  r2HH@FMQrM +`#QM `B+? bvKTiQiB+ ;BMi #`M+? U:"V bi` +HQb2bi
iQ i?2 amM U≃ 130 T+VX h?MFb iQ Bib T`QtBKBiv UTT`2Mi bBx2 Q7 ∼ e `+KBMV
M/ i?mb #`B;?iM2bb- ?H7 Q7 i?2 FMQrM KQH2+mH` bT2+B2b `2 /2i2+i2/ BM
Bib 2Mp2HQT2 U*2`MB+?`Q 2i HX- kyRyV- bQK2 Q7 r?B+? ?p2 +?`+i2`BbiB+
bT2+i`H b?T2 `2~2+iBM; 2tTM/BM; b?2HH bi`m+im`2 Q7 i?2 2Mp2HQT2X qBi?
i?2 LQ#2vK 98 K- i?2 i2H2b+QT2 #2K bBx2 U∼Rk `+b2+ i RRy :>xV
7mHHv +Qp2`b i?2 Qp2`HH bi`m+im`2 Q7 A_* YRykRe M/ i?2 Q#b2`p2/ KQH2+mH`
`QiiBQMH HBM2b Q7 *a C4kĜR M/ 13*P C4RĜy U?2`27i2` r2 2tT`2bb i?2K HBF2
13*P URĜyVV `2 2tT2+i2/ iQ ?p2 i?i b?T2X h?2 +QQ`/BMi2b r2 Q#b2`p2/
BM  bT2+i`H Q#b2`piBQM `2 α2000 = N?9dK8dX9yeb- δ2000 = Rj/ReK9jX8e-
r?B+? `2 HBbi2/ BM i?2 kJaa HH aFv *iHQ; Q7 TQBMi bQm`+2bX
P`BQM EG `2;BQM h?2 P`BQM EG `2;BQM Bb i?2 +2Mi`H T`i Q7 i?2 >II `2;BQM
J9k- r?B+? Bb HQ+i2/ BM i?2 MQ`i?2`M T`i Q7 i?2 P`BQM@ ;BMi KQH2+mH`
+HQm/ U:J*V i  /BbiM+2 Q7 9yy T+ UJ2Mi2M 2i HX- kyydVX Ai +QMiBMb
i?2 P`BQM EG UEH2BMKMMĜGQrV BM7``2/ M2#mH M/ i?2 h`T2xBmK bi`b
BQMBxBM; i?2 M2#mH- M/ i?2 P`BQM "`- QM2 Q7 T?QiQ@/BbbQ+BiBQM `2;BQMb
US._bV bbQ+Bi2/ rBi? i?2 h`T2xBmKX qBi? #Qi? i?2 LQ#2vK 98 K
M/ ah1 Ry K- i?2 rB/2 }2H/ U"R /2;`22V bT2+i`H KTTBM; Q#b2`piBQMb
r2`2 +``B2/ Qmi BM+Hm/BM; 12*P URĜyV- 13*P URĜyV- 18*P URĜyV- M/ M2mi`H
+`#QM- *I Ua?BKDB`B 2i HX UkyRRV- a?BKDB`B 2i HX UkyRjV- a?BKDB`B 2i HX
UkyR9V- HbQ b22 };m`2 eXRV- i?mb Bi Bb bmBi#H2 `2;BQM 7Q` #Qi? bT2+i`H M/
KTTBM; Q#b2`piBQMb rBi? i?2 6JGP K2i?Q/X h?2 +QQ`BMi2b r2 Q#b2`p2/
BM  bT2+i`H Q#b2`piBQM `2 α2000 = 8?j8Kky- δ2000 = @8/kjK8y- r?B+?
`2 ∼k `+KBM bQmi?2bi Q7 i?2 P`BQM EG Uα2000 = 8?j8KR9X8y- δ2000 = @
8/kkKjyX9yc ?2`27i2` r2 +HH i?2 TQBMi ǳP`BQM /QMmiǴVX h?Bb Bb #2+mb2 i?2
Ne
`2;BQM rBi?BM r < 1 `+KBM Q7 i?2 +QQ`BMi2b ?b  ?QKQ;2M2Qmb /Bbi`B#miBQM
Q7 *P HBM2 BMi2MbBiv M/ Bi Bb i?mb 2tT2+i2/ i?i i?2 /Bz2`2M+2 Q7 i?2 Q#b2`p2/
BMi2MbBiv #2ir22M i?2 Saq M/ 6JGP Q#b2`piBQMb Bb KBMBKBx2/ /m2 iQ i?2
TQBMiBM; 2``Q`bX h?2 KTTBM; `2;BQM 7Q` #Qi? Ph6 M/ 6JGP Q#b2`piBQMb
Bb  10 × 10 `+KBM2 b[m`2 BM+Hm/BM; #Qi? i?2 P`BQM EG M/ P`BQM "`
bi`m+im`2bX h?2 TQbBiBQM Q7 P`BQM /QMmi- P`BQM EG- M/ i?2 KTTBM; `2;BQM
`2 BHHmbi`i2/ BM };m`2 eXRX
A_a RekNjĜk9kk h?2 A_a RekNjĜk9kk U?2`27i2` A_a RekNjV Bb  T`QiQbi2H@
H` U*Hbb yV #BM`v bvbi2K i  /BbiM+2 Q7 Rky T+ bm``QmM/2/ #v M 2Mp2HQT2X
a2p2`H mM#Bb2/ HBM2 bm`p2vb r2`2 +``B2/ Qmi- QM2 Q7 r?B+? +Qp2`2/  `M;2
Q7 `QmM/ kyy :>x M/ /2i2+i2/ KQ`2 i?M 9yyy HBM2b U*mt 2i HX- kyRRVX
qBi? i?2 ah1 Ry K- i?2 i2H2b+QT2 #2K bBx2 U∼R3 `+b2+ i j98 :>xV 7mHHv
+Qp2`b i?2 Qp2`HH bi`m+im`2 Q7 A_a RekNjX h?2 +QQ`/BMi2b r2 Q#b2`p2/
BM  bT2+i`H Q#b2`piBQM `2 α2000 = Re?jkKkkXeyb- δ2000 = @k9/k3KjjXyb-
r?B+? `2 HBbi2/ BM  r2#T;2 Q7 i?2 S1s +HB#`iBQM bQm`+2b»X
»?iiT,ffrrrXT2t@i2H2b+QT2XQ`;f?2i2`Q/vM2fb?7Bf+HB#`iBQMfT2ta>26A*HSHM
Nd
6B;m`2 eXR, Pp2`pB2r Q7 i?2 P`BQM EG `2;BQMX q2 THQi i?2 BMi2;`i2/ BMi2MbBiv KT Q7 13*P URĜyV
Q#b2`p2/ rBi? LQ#2v2K 98 K UMQi Qm` /i #mi T`i Q7 a?BKDB`B 2i HX UkyR9VVX h?2 6Aha /i
Bb pBH#H2 i i?2 LQ#2vK 98 K .i#b2 U?iiT,ffrrrXM`QXMQX+XDTfM`Q98K`if?iKHf
`2bmHibf/iX?iKHVX q2 BM/B+i2 i?`22 `2;BQMb, 10× 10 `+KBM2 KTTBM; `2;BQM mb2/ 7Q` b+B2M+2
/2KQMbi`iBQM U/b?2/ r?Bi2 b[m`2V- r < 30 `+b2+ `2;BQM +2Mi2`2/ iQ P`BQM EG U/b?2/ #H+F
+B`+H2V- r < 30 `+b2+ `2;BQM +2Mi2`2/ iQ P`BQM /QMmi U/b?2/ r?Bi2 +B`+H2VXN3
6B;m`2 eXk, h?2 Q#iBM2/ *a UkĜRV bT2+i` Q7 A_* YRykRe Q#b2`p2/ rBi? Saq U;`22M HBM2V M/
6JGP U#Hm2 QM2V K2i?Q/b i LQ#2vK 98 KX q2 HbQ THQi p`BQmb Saq bT2+i` Q#iBM2/ `QmM/
ey KBMmi2b #27Q`2 M/ 7i2` i?2 6JGP Q#b2`piBQM U;`v HBM2bV 7Q` KQMBiQ`BM; ivTB+H TQBMiBM; 2``Q`bX
eXR aT2+i`H HBM2 Q#b2`piBQMb
>2`2 r2 T`2b2Mi i?2 `2bmHi Q7 bT2+i`H HBM2 Q#b2`piBQMb Q7 i?2 6JGP M/ Saq
K2i?Q/ Q#b2`p2/ rBi? #Qi? i?2 LQ#2vK 98 K Uλ ∼ 3 KKV M/ ah1 Ry K
Uλ ∼ 0.87 KKVX h?2 i?2 7QHHQrBM; `2bmHiBM; bT2+i` r2`2 Q#iBM2/ rBi? i?2 6JGP
Q#b2`piBQMb mbBM; i?2 QTiBKH 7`2[m2M+v KQ/mHiBQM Tii2`M U6JSV b Bb bm;@
;2bi2/ BM Ȝ 8XjX9 M/ rBi? i?2 +QMp2MiBQMH Saq Q#b2`piBQMb r?B+? r2`2 +``B2/
Qmi b2p2`H iBK2b #27Q`2 M/ 7i2` 2+? 6JGP Q#b2`piBQM 7Q` +?2+FBM; BMi2MbBiv
~m+imiBQM /m2 iQ i?2 TQBMiBM; 2``Q`bX h?2 QmiTmi iBK2bi`2K /i Q7 PL@TQBMi-
PON- r2`2 `2+Q`/2/ i  `i2 Q7 Ry >x #v i?2 Ph6 KQ/2X h?2 Q#iBM2/ QmiTmi
iBK2bi`2K /i- 7`2[m2M+v KQ/mHiBQM HQ; }H2b- M/ Mi2MM HQ; }H2b UHi?Qm;?
MQ Mi2MM /`BpBM; /m`BM; M Q#b2`piBQMV r2`2 Q|BM2@K2`;2/ BMiQ 6Aha }H2b #v
i?2 6J6HQr- i?2 /i MHvbBb T+F;2 7Q` i?2 6JGP K2i?Q/X lbBM; 6Aha }H2b-
r2 `2/m+2/ i?2 /i ++Q`/BM; iQ i?2 2M/@iQ@2M/ TBT2HBM2 H;Q`Bi?K /2b+`B#2/ BM
Ȝ 9X8 iQ KF2 M 6JGP bT2+i` b }MH T`Q/m+ibX h?2 T`Q;`K +Q/2 7Q` i?2
TBT2HBM2 Bb r`Bii2M BM Svi?QM M/ 7mM+iBQMb Q7 2+? bB;MH T`Q+2bbBM; Ui?2 1J@
S*- 7Q` 2tKTH2V `2 T`QpB/2/ #v 6J6HQr Ub22 TT2M/Bt *VX Pi?2` Q#b2`piBQM
+QM/BiBQMb `2 bK2 b /2b+`B#2/ BM Ȝ 8XRXj M/ Ȝ 8XRXjX
NN
6B;m`2 eXj, h?2 Q#iBM2/ 13*P URĜyV bT2+i` Q7 A_* YRykRe Q#b2`p2/ rBi? Saq U;`22M HBM2V M/
6JGP U#Hm2 QM2V K2i?Q/b i LQ#2vK 98 KX q2 HbQ THQi p`BQmb Saq bT2+i` Q#iBM2/ `QmM/
ey KBMmi2b #27Q`2 M/ 7i2` i?2 6JGP Q#b2`piBQM U;`v HBM2bV 7Q` KQMBiQ`BM; ivTB+H TQBMiBM; 2``Q`bX
eXRXR LQ#2vK 98 K
q2 Q#b2`p2/ *a UkĜRV Uνrest = 97.980953 :>xc BM Ga"V M/ 13*P URĜyV Uνrest =
110.20135 :>xc BM la"V Q7 A_* YRykRe rBi? i?2 6JS r?Qb2 6J rB/i? Bb
k8y J>x M/ 6J bi2T Bb 3y J>xfbKTH2 rBi? LQ#2vK 98 KX h?2 6JS 7mH}HHb
i?2 +QM/BiBQMb Q7 i?2 QTiBKH 6JS #2+mb2 i?2 HBM2 rB/i? U6qwAV Q7 A_* YRykRe
Bb 2tT2+i2/ iQ #2 ∼ 40 FKfb URj J>xV 7`QK i?2 Tbi Saq Q#b2`piBQMX h?2
PL@bQm`+2 iBK2 rb 9y b2+QM/b U9yy bKTH2bV M/ i?2 +?B2p2/ MQBb2 H2p2Hb Q7 i?2
6JGP Q#b2`piBQM T2` bT2+i`H +?MM2H r2`2 yXy9 E UGa"V M/ yXy8 E Ula"V- `2@
bT2+iBp2HvX `QmM/ R ?Qm` #27Q`2 M/ 7i2` i?2 6JGP Q#b2`piBQM- r2 +``B2/ Qmi
3 iBK2b Q7 Saq Q#b2`piBQM rBi? i?2 bK2 Q#b2`piBQM +QM/BiBQMb b i?2 6JGP
QM2X qBi?BM 2+? Q#b2`piBQM- r2 Q#iBM2/ Ry b2+QM/b Q7 PL M/ P66@TQBMi Q#@
b2`piBQMb 9 iBK2b #v im`Mb iQ +?B2p2 i?2 PL@bQm`+2 iBK2 Q7 9y b2+QM/bX h?2
+QQ`/BMi2b Q7 P66@TQBMi Bb e KBMmi2b r2bi 7`QK i?2 PL@TQBMiX
6B;m`2 eXk M/ eXj `2 i?2 `2bmHi bT2+i` Q7 i?2 6JGP Q#b2`piBQM Q7 *a UkĜRV
M/ 13*P URĜyV- M/ Saq QM2bX b i?2 `2bmHi Q7 +QKT`BbQM #2ir22M i?2 6JGP
M/ Saq bT2+i`- #Qi? BMi2MbBiv M/ HBM2 b?T2 Q7 i?2 6JGP bT2+i` `2 +QM@
bBbi2Mi Q7 i?Qb2 Q7 Saq r?B+? r2`2 Q#b2`p2/ /D+2Mi iQ i?2 6JGP Q#b2`piBQMX
q2 HbQ +QM}`K i?i i?2 6JGP bT2+i` Q7 #Qi? Ga" M/ la" `2 rBi?BM T2F@
iQ@T2F Q7 i?2 `QmM/@R@?Qm` Saq Q#b2`piBQMb UHB;?i ;`v HBM2bVX h?2b2 `2bmHib
bm;;2bi i?i i?2 BMi2MbBiv +M #2 2bBHv +?M;2/ rBi?BM  ?Qm` #2vQM/ i?2 MQBb2
Ryy
6B;m`2 eX9, h?2 Q#iBM2/ *P UjĜkV bT2+i` Q7 P`BQM /QMmi Q#b2`p2/ rBi? Saq U;`22M HBM2V M/
6JGP U#Hm2 QM2V K2i?Q/b i ah1 Ry KX h?2 `2;BQM Bb BM/B+i2/ b /b?2/ r?Bi2 +B`+H2 BM };m`2 eXRX
q2 HbQ THQi p`BQmb Saq bT2+i` Q#iBM2/ `QmM/ jy KBMmi2b #27Q`2 M/ 7i2` i?2 6JGP Q#b2`piBQM
U;`v HBM2bV 7Q` KQMBiQ`BM; ivTB+H TQBMiBM; 2``Q`bX h?2 bHB;?i /Bz2`2M+2 #2ir22M irQ bT2+i` Bb /m2
iQ HBM2 +QMiKBMiBQM 7`QK P66@TQBMi BM i?2 bT2+i`mK Q7 Saq K2i?Q/X
H2p2H UKQ`2 +H2`Hv b22M BM *a UkĜRVV r?2M r2 b22  TQBMi@HBF2 bQm`+2- M/ Bi Bb
i?mb M2+2bb`v iQ +QM}`K i?2 +QMbBbi2M+v Q7 i?2 6JGP K2i?Q/ rBi? ǳiBK2 b2`B2bǴ
bT2+i` Q7 Saq QM2b B7 r2 /2KQMbi`i2 i?2 6JGP K2i?Q/ BM /22T2` bT2+i`H
Q#b2`piBQM UKE Q`/2` Q7 MQBb2 H2p2HV Q` BM Qi?2` i2H2b+QT2 BM i?2 7mim`2X
eXRXk ah1 Ry K
q2 Q#b2`p2/ *P UjĜkV Uνrest = 345.79599 :>xc BM Ga"V Q7 i?2 P`BQM /QMmi
M/ A_a RekNj rBi? i?2 6JS r?Qb2 6J rB/i? Bb k8e J>x M/ 6J bi2T Bb
e9 J>xfbKTH2 rBi? ah1 Ry KX h?2 6JS 7mH}HHb i?2 +QM/BiBQMb Q7 i?2 QTiB@
KH 6JS #2+mb2 i?2 HBM2 rB/i?b U6qwAV Q7 i?2 P`BQM /QMmi M/ A_a RekNj
`2 2tT2+i2/ iQ #2 ∼ 20 FKfb Ukj J>xV M/ ∼ 40 FKfb U9e J>xV- `2bT2+iBp2Hv
7`QK i?2 Tbi Saq Q#b2`piBQMbX h?2 PL@bQm`+2 iBK2b r2`2 8R b2+QM/b U8Ry bK@
TH2bV M/ i?2 +?B2p2/ MQBb2 H2p2Hb Q7 i?2 6JGP Q#b2`piBQM T2` bT2+i`H +?MM2H
r2`2 yXyj EX `QmM/ jy KBMmi2b #27Q`2 M/ 7i2` i?2 6JGP Q#b2`piBQM- r2 +`@
`B2/ Qmi e iBK2b Q7 Saq Q#b2`piBQM rBi? i?2 bK2 Q#b2`piBQM +QM/BiBQMb b
i?2 6JGP QM2X qBi?BM 2+? Q#b2`piBQM- r2 Q#iBM2/ Ry b2+QM/b Q7 PL M/
P66@TQBMi Q#b2`piBQMb 8 iBK2b #v im`Mb iQ +?B2p2 i?2 PL@bQm`+2 iBK2 Q7 8y b2+@
QM/bX h?2 +QQ`/BMi2b Q7 P66@TQBMi `2 jy KBMmi2b 2bi 7`QK i?2 PL@TQBMi BM
RyR
6B;m`2 eX8, h?2 Q#iBM2/ *P UjĜkV bT2+i` Q7 P`BQM /QMmi Q#b2`p2/ rBi? Saq U;`22M HBM2V M/
6JGP U#Hm2 QM2V K2i?Q/b i ah1 Ry KX h?2 `2;BQM Bb BM/B+i2/ b /b?2/ r?Bi2 +B`+H2 BM };m`2 eXRX
q2 HbQ THQi p`BQmb Saq bT2+i` Q#iBM2/ 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i 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i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iBQM U;`v HBM2bV 7Q` KQMBiQ`BM; ivTB+H TQBMiBM; 2``Q`bX
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determined is one of the most important issues in astronomy.
Recent studies have suggested that the stellar IMF is well
related to the mass function (MF) of dense molecular cloud
cores (e.g., Ikeda et al. 2007), which are sites of star formation.
Therefore, detecting a number of cores in various star-forming
regions is needed in order to study the relation between the star-
forming activity and the MF or physical/dynamical conditions
of the cores. In this case, sensitive unbiased mapping observa-
tions of wide fields are required. In addition, OTF data are ideal
to be combined with interferometric data, since they preserve
spatial information in the (spatially) low-frequency regime,
which is lost via interferometric observations. Thus, the fidelity
of high-resolution images of, e.g., molecular cloud cores or
external galaxies, taken with interferometers are significantly
improved by being combined with OTF data. The fidelity
(preserving the total flux) is essential to various kinds of
studies. For instance, in order to investigate the evolution of the
interstellar medium [formation and destruction of giant molec-
ular cloud associations (GMAs)] across spiral arms in external
galaxies, it is required to detect not only GMAs, which are
spatially confined to spiral arms, but also diffuse emission in
interarm regions.
In order to make spectral line OTF observations avail-
able with the NRO 45-m and the ASTE 10-m telescopes,
various improvements have been applied to the control soft-
ware system, COSMOS-3 (Morita et al. 2003; Kamazaki et al.
2005), and related instruments. In particular, fast and synchro-
nized control of instruments and the handling of a huge amount
of data are difficulties, as discussed later. The way to determine
the optimal observing parameters is also complicated.
In this paper we report practical information and imple-
mentation of the OTF observing mode for the telescopes.
Basic concepts and parameters of OTF observations are intro-
duced in section 2, followed by a brief description on controls
of related instruments in section 3. Requirements on the
observing parameters, procedures to estimate sensitivity, and
how to maximize the observing efficiency are explained in
section 4. We describe the data-reduction process in section 5.
The desired characteristics of convolution functions to regrid
the data onto a map are discussed, and some appropriate func-
tions are shown. In section 6 we describe measurements of
the driving performance of the antennas, a comparison with a
PSW map, and a verification of the frequency-switch observing
mode.
2. Basic Observing Process and Parameters
An OTF scan pattern is schematically illustrated in figure 1.
A constant-speed raster scan with a single-beam receiver is
assumed. Like the usual PSW observations, the standard
“chopper-wheel” technique (Penzias & Burrus 1973; Ulich
& Haas 1976) is employed to calibrate the antenna temper-
ature, T !A, in which the atmospheric and antenna losses are
corrected. For the chopper-wheel calibration, a hot load (R)
at the ambient temperature and blank sky (SKY) are observed
during an observation at an appropriate interval. Data at an
emission-free reference position (OFF) are taken before every
on-source scan (ON, hereafter simply “scan”) or set of several
scans. The OFF is usually taken by pointing the antenna
Fig. 1. Example of a scan pattern of OTF observations. The gray rect-
angle is a region to be mapped with a set of horizontal scans. The case
of N SEQscan = 2 (an OFF is inserted before every 2 ON scans) is shown.
outside the source. However, it can also be taken by shifting
the observing frequency (see subsubsection 3.4.2).
During a scan, the antenna is driven at a constant speed
(vscan) on the sky, and the data are “dumped” from the spec-
trometer at an interval of tdump. The “approach-run” at a speed
vscan is inserted before every scan so as to let the antenna move
stably during the scan. If there is no OFF between two scans,
a “transit-run” (from the end point of the scan to the start point
of the next approach-run) is inserted.
We set the fundamental parameters as follows (see figure 1).
In section 4 we discuss how to determine them. The dimen-
sions of the mapping area are l1 " l2 (l1 along the scan, l2 across
the scan). The scan speed of the antenna on the sky is vscan.
The times to be taken in an approach-run, a main (on-source)
scan, and a transit-run are tapp, tscan = l1=vscan, and ttran,
respectively. The separation between the scan rows is !l , the
number of scans taken between a pair of OFFs is N SEQscan , and
the grid spacing of a map to be made is d . The time to be taken
to slew the antenna between the mapped region and the OFF
position is tOFFtran . The parameters tapp, ttran, and tOFFtran depend
on the performance of the antenna, the scan speed vscan, the
position on the sky, etc., and are typically in the range of a few
to 10 s. Measurements of the performance of the antenna are
described in subsection 6.1. The time interval between each
dump from the spectrometer is tdump.
3. Control of Related Instruments
In OTF, spectral data are dumped in a short interval
(# 0:1 s), while the antenna is continuously driven across the
sky. Consequently, the following difficulties arise:
Antenna. The antenna should be smoothly driven on a scan
path. The sky coordinates, toward which the antenna is
pointed, have to be recorded for each data dump.
Spectrometer. Data dump is done at short intervals, and must
be synchronized with the antenna driving.
Local oscillator. Doppler corrections of the telescope with
respect to a rest frame and the frequency switch (FSW)
are difficult to be implemented in a conventional way,
since exceedingly rapid control of the frequency is
required.
Data production and storage. A high data production rate,
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/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Mi b+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`2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K /i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 b+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/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Mb 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KQpBM; bT22/ rBi?BM  b+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TQBMi BMi2;`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- 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i Q7 LQ#2vK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bi2` b+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i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i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/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 bT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i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i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i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i `2/m+iBQM Q7 6JGP KTTBM; Q#b2`p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`+KBM2 `2;BQM
rBi? #Qi? Ph6 M/ 6JGP K2i?Q/bX q2 i?mb +QM/m+i  iBK2@+?mMF T`Q+2bb
Þ?iiT,ffrrrXM`QXMQX+XDTfM`Q98K`if?iKHfQ#bfQi7f2tTQ`iX?iKH
Ry8
Q7 +Q``2Hi2/ +QKTQM2Mi `2KQpH M/ KQ/2HBM; iKQbT?`B+ HBM2 2KBbbBQM 2p2`v
R KBMmi2 Ueyy bKTH2b BM 2+? +?mMFV b /2b+`B#2/ BM Ȝ 9X8XjX Pi?2` Q#b2`piBQM
+QM/BiBQMb `2 bK2 b /2b+`B#2/ BM Ȝ 8XRXj 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M/ .2+ /B`2+iBQMb 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M/ i?2 +?B2p2/ MQBb2 H2p2Hb
Q7 i?2 6JGP Q#b2`p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M/ #bF2i@r2pBM; K2i?Q/bX "2@
7Q`2 M/ 7i2` irQ 6JGP KTTBM; Q#b2`piBQMb- +QMp2MiBQMH Ph6 Q#b2`piBQMb
r2`2 +``B2/ Qmi Ui?i Q7 _ /B`2+iBQM #27Q`2- M/ i?i Q7 .2+ /B`2+iBQM 7i2`
irQ 6JGP Q#b2`piBQMbVX h?2 ivTB+H Tsys /m`BM; i?2b2 Q#b2`piBQMb `2 kRy E
UGa"V M/ kdy E Ula"VX h?2 PL@bQm`+2 iBK2 T2` bTiBH ;`B/ rb kXNy b2+QM/b
M/ i?2 +?B2p2/ MQBb2 H2p2Hb Q7 i?2 6JGP Q#b2`piBQM T2` bT2+i`H +?MM2H r2`2
yXR8 E UGa"V M/ yXRd E Ula"V- `2bT2+iBp2Hv- 7i2` TTHvBM; KT KFBM; M/
#bF2i@r2pBM; K2i?Q/bX h?2 +QQ`/BMi2b Q7 P66@TQBMi Bb jy KBMmi2b 2bi 7`QK
i?2 +2Mi2` Q7 i?2 KTTBM; `2;BQMX h?Bb /BbiM+2 Bb bK2 b i?2 *P UjĜkV bT2+@
i`H HBM2 Q#b2`piBQM rBi? ah1- r?B+? KB;?i `Bb2 i?2 bK2 Bbbm2 #Qmi HBM2
+QMiKBMiBQM 7`QK P66@TQBMiX h?Bb rBHH #2 /Bb+mbb2/ Hi2` BM };m`2 eXRk- i?2
TBt2H@iQ@TBt2H +Q``2HiBQM #2ir22M Ph6 M/ 6JGP KTbX
"27Q`2 +QK#BMBM; irQ 6JGP KTb Q7 _ M/ .2+ `bi2` b+Mb- r2 Kmbi KQ/2H
M/ bm#i`+i HBM2 2KBbbBQM 7`QK i?2 iKQbT?2`2 #2+mb2 2+? KT rb Q#iBM2/
Rye
6B;m`2 eX3, h?2 b+M Tii2`Mb M/ i?2 i2H2b+QT2 2H2piBQMb i i?2 Q#b2`p2/ iBK2 Q7 10× 10 `+KBM2
P`BQM `2;BQM Q7 #Qi? t@b+M U_ /B`2+iBQMV M/ v@b+M U.2+ /B`2+iBQMV- `2bT2+Bp2HvX h?2 b+M Tii2`Mb
`2 THQii2/ b bQHB/ HBM2b Q7 RyR `bi2` b+Mb Ui?Qb2 Q7 i`MbBiBQM- TT`Q+?- M/ P66@TQBMi `2 MQi
THQii2/V- r?B+? bi`i i i?2 TQBMib Q7 r?Bi2 M/ #H+F i`BM;H2 K`F2`- `2bT2+Bp2HvX h?2 i2H2b+QT2
2H2piBQM `2 2tT`2bb2/ b +QHQ` KTb- r?B+? +?M;2 #v #Qmi e /2; BM t@b+M M/ k /2; BM v@b+M
7i2` i?2 Q#b2`piBQMb- `2bT2+Bp2HvX
rBi? /Bz2`2Mi i2H2b+QT2Ƕb 2H2piBQM- M/ i?mb 2H2piBQM /2T2M/2M+v Q7 HBM2 BMi2MbBiv
Bb 2tT2+i2/ Ub22 HbQ Ȝ 9X8XjVX 6B;m`2 eX3 M/ eXN b?Qr ?Qr i?2 i2H2b+QT2 2H2piBQM
+?M;2b /m`BM; M Q#b2`piBQM M/ i?2 bTiBH /Bi`B#miBQM Q7 T2F BMi2MbBiv Q7
QxQM2 bT2+i`mK i ∼ 111 :>xX b Bb b?QrM KQ`2 `2K`F#Hv BM i?2 `bi2` b+M
Q7 _ /B`2+iBQM Ut@b+MV- i?2 T2F BMi2MbBiv Q7 i?2 HBM2 /2+`2b2b b i2H2b+QT2
2H2piBQM ;2ib ?B;?2`X PM i?2 Qi?2` ?M/- i?2 T2F BMi2MbBiv /QbMǶi +?M;2 H`;2Hv
BM i?2 `bi2` b+M Q7 .2+ /B`2+iBQM Uv@b+MV #2+mb2 i2H2b+QT2 2H2piBQM Bb ?B;?2`
M/ T2F@iQ@T2F 2H2piBQM +?M;2 Bb i?`22 iBK2b bKHH2` i?M i?Qb2 Q7 t@b+MX
h?2b2 `2bmHib HbQ /2KQMbi`i2 i?i KQ/2HBM; iKQbT?2`B+ HBM2 2KBbbBQM BM i?2
TBT2HBM2 rQ`Fb T`QT2`Hv BM i?2b2 6JGP Q#b2`piBQMbX
7i2` bm#i`+iBM; iKQbT?`B+ HBM2 2KBbbBQM M/ TTHvBM; #bF2i@r2pBM;- r2
MQr Q#iBM  }MH KT Uj. +m#2V Q7 6JGP r?B+? Bb 2tT2+i2/ iQ #2 +QMbBbi2Mi
rBi? i?i Q7 Ph6 K2i?Q/ UM/ HbQ T ∗AVX 6B;m`2 eXRy M/ eXRR b?Qr i?2 Q#iBM2/
Ga" M/ la" bT2+i` Q7 Ph6 M/ 6JGP K2i?Q/ p`;2/ rBi?BM r < 30 `+b2+
Ryd
6B;m`2 eXN, h?2 T2F BMi2MbBiv KTb Q7 QxQM2 bT2+i`mK i νobs = 110.85 :>x Ub22 HbQ };m`2 eXRRV
r?B+? `2 Bi2`iBp2Hv `2T`Q/m+2/ #v KQ/2HBM; iKQbT?2`B+ HBM2 2KBbbBQM #v KX q2 /2KQMbi`i2 i?i
i?2 pHm2 Q7 BMbi2MbBiv BM+`2b2b b i?2 i2H2b+QT2 2H2piBQM /2+`2b2b b b?QrM BM };m`2 eX3X
`2;BQM +2Mi2`2/ rBi? P`BQM EGX *QKT`BM; bT2+i` #2ir22M Ph6 M/ 6JGP- r2
/2KQMbi`i2 i?i i?2 Q#iBM2/ 6JGP bT2+i` Q7 #Qi? Ga" M/ la" Bb HKQbi
+QMbBbi2Mi rBi? i?i Q7 Ph6X q2 HbQ /2KQMbi`i2 i?i i?2 bm#i`+iBQM Q7 iKQ@
bT?2`B+ HBM2 2KBbbBQM UiKQbT?2`B+ QxQM2 BM i?Bb +b2V rQ`Fb T`QT2`Hv M/ MQ HBM2
2KBbbBQM `2KBMb BM i?2 #bF2i@r2p2/ bT2+i`mKX 6B;m`2 eXRj M/ eXR9 b?Qr BM@
i2;`i2/ BMi2MbBiv KTb Q7 *a UkĜRV M/ 13*P URĜyV +`2i2/ 7`QK t@b+M- v@b+M-
M/ #bF2i@r2p2/ j. +m#2bX qBi? +QKT`BbQMb #2ir22M Ph6 M/ 6JGP KTb
Q7 2+? `Qr- Qp2`HH bTiBH /Bbi`B#miBQM M/ BMi2MbBiv Q7 i?2 6JGP KTb Bb H@
KQbi +QMbBbi2Mi rBi? i?i Q7 i?2 Ph6 KTb BM #Qi? 13*P URĜyV M/ *a UkĜRV-
`2bT2+iBp2HvX JQ`2Qp2`- r2 /2KQMbi`i2 i?i b+MMBM; 2z2+i UQM2 Q7 ǳ+Q``2Hi2/Ǵ
+QKTQM2MibV b22Kb iQ #2 `2KQp2/ BM 2+? `bi2` b+M Q7 bBM;H2 /B`2+iBQM- r?BH2
i?2 H`;2 b+MMBM; 2z2+i `KBMb BM t M/ v@b+M Q7 Ph6 KTb HQM; rBi? i?2B`
b+M Tii2`Mb #27Q`2 #bF2i@r2pBM; K2i?Q/ Ub Bb b22M KQ`2 `2K`F#Hv BM la"VX
7i2` #bF2i@r2pBM;- #Qi? bi`QM; M/ r2F bi`m+im`2b b22K iQ #2 MQr +QMbBbi2Mi
rBi? 2+? Qi?2`X q2 MQi2 i?i i?2 Qp2`HH bi`m+im`2b b22K iQ #2 bHB;?iHv b?B7i2/
#2ir22M 7Qm` KTb Q7 Ph6f6JGP tfv@b+Mb- `2bT2+iBp2Hv- r?B+? BM/B+i2b i?i
Ry3
6B;m`2 eXRy, h?2 K2M bT2+i` Q7 la" /2`Bp2/ rBi?BM r < 30 `+b2+ +B`+H2 +2Mi2`2/ iQ P`BQM EG Ui?2
/b?2/ +B`+H2 BM };m`2 eXRV Q7 i?2 Ph6 U;`22M HBM2V M/ 6JGP U#Hm2 QM2V Q#b2`piBQM- `2bT2+iBp2HvX
i?2`2 2tBbi TQBMiBM; 2``Q`b #2ir22M i?2KX q2 2biBKi2 i?2 KtBKmK TQBMiBM; 2`@
`Q` #v +QKT`BM; i?2 TBt2H +QQ`/BMi2b Q7 KtBKmK BMi2MbBiv pHm2b- r?B+? `2bmHi
BM i KQbi Ry `+b2+ UR TBt2HV Q7 /BbiM+2b `2 TQbbB#H2 iQ #2 b?B7i2/ 2+? Qi?2`X A7
r2 Q#b2`p2  TQBMi@HBF2 bQm`+2 BM RRy :>x U6q>J #2K bBx2 Q7 R8 `+b2+- bbmK@
BM; :mbbBM b?T2V rBi? TQBMiBM; Ry `+b2+ rv 7`QK i?2 bQm`+2- i?2 BMi2MbBiv
rBHH #2 #Qmi jy W Q7 i?2 BMi`BMbB+ pHm2 U∼ 3 iBK2b +?M;2VX AM i?2 7QHHQrBM;
MHvbBb- r2 i?mb mb2 3σ MQBb2 H2p2H b  biM/`/ /2pBiBQM pHm2X
hQ +QM}`K i?2 +QMbBbi2M+v #2ir22M Ph6 M/ 6JGP KTTBM; Q#b2`piBQM
rBi?BM b2p2`H mM+2`iBMiB2b UMQBb2 H2p2H- TQBMiBM; 2``Q`b- M/ BMi2MbBiv +HB#`iBQMV-
r2 +`2i2 TBt2H@iQ@TBt2H +Q``2HiBQM THQib #2ir22M i?2K Q7 #Qi? bB/2#M/b b Bb
HbQ /2KQMbi`i2/ BM ar/ 2i HX Ukyy3V 7Q` i?2 +QM}`KiBQM Q7 +QMbBbi2M+v
#2ir22M Ph6 M/ Saq K2i?Q/X AM i?2 bK2 KMM2` b ar/ 2i HX Ukyy3V-
r2 BK iQ +QM}`K i?2 +QMbBbi2M+v rBi?BM i?2 ++m`+v Q7  `2HiBp2 BMi2MbBiv
+HB#`iBQM Q7 8W- r?B+? Bb  `2T`Q/m+B#BHBiv Q7 i?2 BMi2MbBiv Q7 i?2 biM/`/ bQm`+2X
6B;m`2 eXRk b?Qrb i?2 TBt2H@iQ@TBt2H b+ii2` THQib Q7 #Qi? bB/2#M/b M/  HBM2 }i Q7
T ∗A(FMLO) = a T
∗
A(OTF)+b iQ /i TQBMibX h?2 7`2[m2M+v `M;2 Q7 TBt2Hb b2H2+i2/
Bb i?2 bK2 b QM2 mb2/ 7Q` +`2iBM; BMi2;`i2/ BMi2MbBiv KTb Q7 #bF2i@r2p2/
/i U−6.25 < vLSR < 24.25 FKfbVX h?2 3σ MQBb2 H2p2Hb Q7 Ph6 M/ 6JGP Bb
mb2/ 7Q` +H+mHiBM; mM+2`iBMiB2b Q7 Ua, bV BM HBM2 }iiBM;bX b `2bmHib Q7 #Qi? Ga"
M/ la"- +Q``2HiBQM +Q2{+B2Mib UaV `2 0.986 ± 0.005 UGa"V M/ 0.982 ± 0.005
Ula"V- r?B+? bm;;2bib i?i Ph6 M/ 6JGP KTb `2 +QMbBbi2Mi rBi?BM 8WX q2
RyN
6B;m`2 eXRR, h?2 K2M bT2+i` Q7 la" /2`Bp2/ rBi?BM r < 30 `+b2+ +B`+H2 +2Mi2`2/ iQ P`BQM EG Ui?2
/b?2/ +B`+H2 BM };m`2 eXRV Q7 i?2 Ph6 U;`22M HBM2V M/ 6JGP U#Hm2 QM2V Q#b2`piBQM- `2bT2+iBp2HvX
q2 HbQ THQi i?2 6JGP bT2+i`mK Q7 v@b+M #27Q`2 bm#i`+iBM; iKQbT?2`B+ HBM2 2KBbbBQM Q7 QxQM2X
h?2v /2KQMbi`i2 i?i i?2`2 `2 MQ bm+? HBM2 2KBbbBQM `2KBMBM; BM i?2 }MH bT2+i`mK 7i2` i?2
bm#i`+iBQMX
MQi2 i?i i?2`2 2tBbib `2HiBp2Hv H`;2 p2`iB+H Qzb2i UbV BM la" U0.373± 0.016V EX
Hi?Qm;? i?Bb pHm2b Bb bKHH2` i?M 3σ MQBb2 H2p2H Q7 i?2 6JGP KT- Bi Bb TQbbB#H2
i?i  HBM2 +QMiKBMiBQM Q7 13*P UR@yV 7`QK P66@TQBMi /2+`2b2b i?2 BMi2MbBiv
Q7 Ph6 KT r?BH2 Bi Bb MQi i?2 +b2 rBi? Ga" #2+mb2 *a KQH2+mH2 i`+2b /2Mb2`
`2;BQM i?M *P U2X;X- LBb?BKm` 2i HX UkyRdV M/ `272`2M+2 i?2`2BMVX qBi? i?2
+p2i- ?Qr2p2`- r2 +QM}`K i?i i?2 6JGP KTTBM; K2i?Q/ ?b M 2MQm;?
+QMbBbi2M+v Q7 BMi2MbBiv b+HBM; rBi? i?2 +QMp2MiBQMH Ph6 K2i?Q/X
6BMHHv r2 /2KQMbi`i2 b2MbBiBpBiv BKT`Qp2K2Mib Q7 i?2 6JGP KTTBM; +QK@
T`2/ iQ i?i Q7 Ph6 BM i?2 bK2 KMM2` /2b+`B#2/ BM Ȝ 8XjXjX ;BM r2 BMi`Q/m+2
i?2 b2MbBiBpBiv BKT`Qp2K2Mi- ι,
ι =
αOTF
αFMLO
(
ηobs,OTF
ηobs,FMLO
)−1/2
UeXRV
r?2`2 ηobs Bb M Q#b2`piBQM 2{+B2M+v Q7 PL@bQm`+2 iBK2 Qp2`  iQiH Q#b2`piBQM
iBK2- M/ α Bb  7+iQ` Q7 MQBb2 +QMi`B#miBQM 7`QK P66@TQBMi- r?B+? Bb `2Hi2/ iQ
M 2[miBQM Q7 +?B2p2/ MQBb2 H2p2H,
∆T =
α Tsys√
∆ν tON
UeXkV
RRy
6B;m`2 eXRk, h?2 TBt2H@iQ@TBt2H +Q``2HiBQM THQib #2ir22M i?2 Ph6 M/ 6JGP KTTBM;b Q7 #Qi?
Ga" M/ la"X SBt2Hb `2 d×d×∆ν 2H2K2Mib Q7  j. +m#2 rBi? d = 10 `+b2+- ∆ν = 0.977 :>x- M/
r2 THQi TBt2Hb rBi? p2HQ+Biv `M;2 Q7 vLSR = [−6.25,+24.25] FKfb `QmM/ *a UkĜRV M/ 13*P URĜyV-
`2bT2+iBp2HvX GBM2` }ib Q7 Uy = ax+ bV `2 +QM/m+i2/ mbBM; Q`i?Q;QMH /BbiM+2 `2;`2bbBQM T+F;2
BM a+BSv CQM2b 2i HX UyR V rBi? t M/ v 2``Q`b Q7 3σ MQBb2 H2p2H /2`Bp2/ 7`QK j. +m#2b Ub22 HbQ
i#H2 eXkVX h?2 `2bmHib Q7 }ib `2 /BbTHv2/ i i?2 iQT Q7 2+? TM2HX
6Q` M 6JGP KTTBM; Q#b2`piBQM- r2 mb2 αFMLO ≃ 1.1 r?B+? Bb 2biBKi2/
7`QK i?2 +QKT`BbQM Q7 +?B2p2/ MQBb2 H2p2H M/ i?i +H+mHi2/ 7`QK Tsys BM
Ȝ 8XjXjX 6Q`  +QMp2iBQMH PL@P66 Q#b2`piBQM- αOTF Bb 2tT`2bb2/ b αOTF =
(1 + tON/tOFF)
1/2X q2 /2`Bp2 Bi #v 2biBKiBM; +?B2p2/ PL M/ P66 BMi2;`iBQM
iBK2b T2`  bTiBH ;`B/- tONcell - tOFFcell mbBM; 2[miBQMb BMi`Q/m+2/ #v ar/ 2i HX
Ukyy3Vß,
tONcell =
ηd2
l1l2
tONtot UeXjV
tOFFcell ≃
d
∆l
tOFF UeX9V
r?2`2 tONtot Bb  iQiH PL@bQm`+2 BMi2;`iBQM iBK2 Q7  KTTBM; Q#b2`piBQM- tOFF
Bb M bBM;H2 BMi2;`iBQM iBK2 Q7  P66@TQBMi- M/ η UMQi M Q#b2`piBQM 2{+B2M+vV
ßKi?2KiB+H 2tT`2bbBQMb bmKK`Bx2/ BM i#H2 eXR ?p2 bK2 K2MBM;b mb2/ BM Bi
RRR
Bb  7+iQ` /2i2`KBM2/ #v i?2 2ti2Mi Q7 i?2 mb2/ :*6X tONtot Bb  T`Q/m+i Q7 i?2
MmK#2` Q7 b+Mb- Nrow (= l2/∆l + 1) M/ M Q#b2`p2/ iBK2 Q7  b+M- tscanX h?2
pHm2 Q7 η 7Q`  "2bb2H@:mbb :*6 rBi? /27mHi T`K2i2`b Bb 9Xj Uar/ 2i HX-
kyy3VX h?2 pHm2b Q7 tONcell M/ tOFFcell `2 bmKK`Bx2/ BM i#H2 eXR- r?B+? vB2H/b
αOTF = 1.04X b Bb bmKK`Bx2/ BM i#H2 eXk- r2 +QM}`K i?i i?2 +H+mHi2/
MQBb2 H2p2Hb T2` bTiBH ;`B/ T2` 7`2[m2M+v +?MM2H mbBM; 2[miBQM eXk `2 HKQbi
+QMbBbi2Mi rBi? i?Qb2 Q7 +imH pHm2b /2`Bp2/ 7`QK j. +m#2b i?2Kb2Hp2bX q2
i?2M /2`Bp2 Q#b2`piBQM 2{+B2M+B2b- ηONOBS (= tONtot /tOBStot )- Q7 Ph6 M/ 6JGP KTbX
lMHBF2 bT2+i`H HBM2 Q#b2`piBQMb UbBM;H2@TQBMiV- r2 M22/ iQ iF2 b2p2`H Qp2`?2/
iBK2 bm+? b i`MbBiBQM M/ TT`Q+? iBK2b BMiQ ++QmMiX 6`QK ar/ 2i HX
Ukyy3V-  iQiH PL@bQm`+2 iBK2- tONtot - M/ iQiH Q#b2`piBQM iBK2- tOBStot - +M #2
2tT`2bb2/ b 7QHHQrb,
tONtot = Nrowtscan UeX8V
tOBStot = Nrow
(
tscan + tOH +
tOFF
NSEQscan
)
fcal UeXeV
r?2`2 tOH Bb M Qp2`?2/ iBK2 T2`  b+M- NSEQscan Bb i?2 MmK#2` Q7 b+Mb iF2M
#2ir22M  TB` Q7 P66@TQBMib- M/ fcal Bb M Qp2`?2/ Q7 +?QTT2` r?22H +HB#`iBQMX
tOH +M #2 2tT`2bb2/ b i?2 bmK Q7 b2p2`H Qp2`?2/ i2`Kb,
tOH =
2tOFFtran
NSEQscan
+ tapp +
NSEQscan − 1
NSEQscan
ttran UeXdV
6B`bi- b2+QM/ M/ i?B`/ i2`Kb +Q``2bTQM/ iQ Mi2MM bH2r iBK2b Q7 P66@TQBMi
Q#b2`piBQM- TT`Q+?- M/ i`MbBiBQM T2`  b+MX h?2 pHm2b Q7 i?2b2 T`K2i2`b
`2 bmKK`Bx2/ BM i#H2 eXRX h?2b2 vB2H/ ηONOBS = 0.50 rBi? i?2 6JGP KT
M/ yXjN rBi? i?i Q7 Ph6X hQ;2i?2` rBi? MQBb2 +QMi`B#miBQM- α- r2 +?B2p2 i?2
b2MbBiBpBiv BKT`Qp2K2Mi Q7 ι = 1.07 M/ i?i 7Q` Q#b2`piBQM iBK2 Q7 ι2 = 1.15
7`QK i?2b2 +H+mHiBQMbX JQ`2Qp2` i?2b2 pHm2b 7`QK +imH tONtot M/ tOBStot `2
ιreal = 1.11, ι2real = 1.23- r?B+? /2KQMbi`i2b i?i M 6JGP KTTBM; Bb kjW KQ`2
2{+B2Mi i?M i?i Q7 Ph6 +QKT`2/ iQ mMBi MQBb2 H2p2H- 2p2M M Ph6 Q#b2`piBQM
Bb KQ`2 2{+B2Mi i?M Saq Q#b2`piBQMb iQ Q#iBM 2+? ;`B/ QM2 7i2` MQi?2`X
RRk
q2 MQi2 i?i i?2 KTTBM; `2;BQM r2 mb2/ 7Q` i?2 +QKKBbBQMBM; URyy `+b2+2V Bb
Km+? bKHH2` i?M i?2 FMQrM ivTB+H KTTBM; bm`p2vb #v M Q`/2` Q7 K;MBim/2
Ua?BKDB`B 2i HX UkyR9V +QM/m+i2/ M Q#b2`piBQM Q7 R99y `+b2+2- 7Q` 2tKTH2VX q2
rBHH /Bb+mbb r?i i?2 pHm2 Q7 ι rBHH #2 +?B2p2/ BM bm+? H`;2` KTTBM; Q#b2`piBQMb
BM +?Ti2` dX
RRj
6B;m`2 eXRj, h?2 BMi2;`i2/ BMi2MbBiv KTb Q7 *a UkĜRV Q7 10×10 `+KBM2 P`BQM `2;BQMX h?2 mTT2`
7Qm` TM2Hb `2 KTb Q7 bBM;H2 /B`2+iBQMǶb b+M rBi? #Qi? Ph6 M/ 6JGP K2i?Q/b BMi2;`i2/ rBi?
p2HQ+Biv `M;2 Q7 vLSR = [−16.25,+34.25] FKfb r?B+? +QMiBMb #Qi? HBM2 M/ HBM2@7`22 `2;BQMbX h?2
#QiiQK irQ TM2Hb `2 i?Qb2 7i2` #bF2i@r2pBM; K2i?Q/ iQ KBMBKBx2 i?2 b+MMBM; 2z2+i- BMi2;`i2/
rBi? p2HQ+Biv `M;2 Q7 vLSR = [−6.25,+24.25] FKfbX
RR9
6B;m`2 eXR9, h?2 BMi2;`i2/ BMi2MbBiv KTb Q7 13*P URĜyV Q7 10 × 10 `+KBM2 P`BQM `2;BQMX h?2
mTT2` 7Qm` TM2Hb `2 KTb Q7 bBM;H2 /B`2+iBQMǶb b+M rBi? #Qi? Ph6 M/ 6JGP K2i?Q/b BMi2;`i2/
rBi? p2HQ+Biv `M;2 Q7 vLSR = [−16.25,+34.25] FKfb r?B+? +QMiBMb #Qi? HBM2 M/ HBM2@7`22 `2;BQMbX
h?2 #QiiQK irQ TM2Hb `2 i?Qb2 7i2` #bF2i@r2pBM; K2i?Q/ iQ KBMBKBx2 i?2 b+MMBM; 2z2+i-
BMi2;`i2/ rBi? p2HQ+Biv `M;2 Q7 vLSR = [−6.25,+24.25] FKfbX
RR8
Ph6 6JGP
l1 U`+b2+V eyy eyy
l2 U`+b2+V eyy eyy
∆l U`+b2+V e e
tscan Ub2+QM/V Rk Rk
ttran Ub2+QM/V 8 8
tOFF Ub2+QM/V Rk y
tOFFtran Ub2+QM/V Ry y
tapp Ub2+QM/V 8 8
NSEQscan j y
fcal ≃ 1 ≃ 1
d U`+b2+V Ry Ry
η 9Xj 9Xj
tOH Ub2+QM/V R8Xy RyXy
tONcell Ub2+QM/V RX98 RXjj
tOFFcell Ub2+QM/V kyXy y
tONtot UKBMmi2bV kyXk R3Xe
tOBStot UKBMmi2bV 8kXk U83V jdXy UjNV
ηONOBS yXjN UyXj8V yX8y UyX93V
h#H2 eXR, UiQTV i?2 T`K2i2`b Q7 #Qi? Ph6 M/ 6JGP KTTBM; Q#b2`piBQMb Q7 10× 10 `+KBM2
P`BQM `2;BQMX A7 i?2 pHm2b `2 /Bz2`2Mi #2ir22M Ph6 M/ 6JGP- i?2 #2ii2` QM2 Bb /BbTHv2/ b #QH/
bvK#QHX UKB//H2V i?2 T`K2i2`b Q7 KT KFBM; 7i2` Q#iBMBM; KTTBM; iBK2bi`2K /iX η UMQi
 Q#b2`piBQM 2{+B2M+vV Bb  7+iQ` /2i2`KBM2/ #v i?2 2ti2Mi Q7 i?2 mb2/ :*6 Uη = 4.3 7Q` "2bb2H@
:mbb :*6 rBi? /27mHi T`K2i2`bVX U#QiiQKV i?2 /2`Bp2/ pHm2b mb2/ 7Q` +H+mHiBM; Q#b2`piBQM
2{+B2M+vX h?2 pHm2b rBi?Qmi T`2Mi?2b2b `2 2biBKi2/ QM2b- M/ rBi? T`2Mi?2b2b `2 +imH QM2b
7`QK iBK2bi`2K /i M/ Q#b2`pBM; HQ;X
Ph6 6JGP
∆T ∗A UGa"V UEV yXRj UyXR8V yXRe UyXR3V
∆T ∗A Ula"V UEV yXRd UyXRdV yXkk UyXkjV
h#H2 eXk, h?2 biM/`/ /2pBiBQM MQBb2 H2p2Hb Q7 Ph6 M/ 6JGP Q#b2`piBQMb 7Q` #Qi? Ga" M/
la"X h?2 pHm2b rBi?Qmi T`2Mi?2b2b `2 i?2 2biBKi2/ QM2b 7`QK 2[miBQM eXkĜeX9X h?2 pHm2b rBi?
T`2Mi?2b2b `2 i?2 QM2b /2`Bp2/ 7`QK KTbX Pi?2` T`K2i2`b `2, ∆ν = 0.977J>x- αFMLO = 1.1-
M/ αOTF = (1 + tONcell/tOFFcell )1/2 = 1.04X
RRe
LQr Bb #2ii2` i?M M2p2`X
Hi?Qm;? M2p2` Bb Q7i2M #2ii2` i?M  `B;?i MQrX
6`QK i?2 w2M Q7 Svi?QM- #v hBK S2i2`b
7
.Bb+mbbBQM
>2`2 r2 bmKK`Bx2 M/ /Bb+mbb Bbbm2b `Bb2/ bQ 7`- M/ 7mim`2 T`QbT2+ib Q7 i?2
6JGP K2i?Q/X q2 /Bb+mbb /pMi;2b M/ HBKBiiBQMb Q7 i?2 6JGP K2i?Q/ #v
`272``BM; i?2 Q#iBM2/ `2bmHib BM i?2 T`2pBQmb +?Ti2`b UȜ dXRVX h?2M r2 /Bb+mbb
i?2 Bbbm2b BM i2`Kb Q7 +QKTmiiBQM +Qbib Q7 i?2 T`QTQb2/ bB;MH T`Q+2bbBM;- BM
T`iB+mH`- i?2 +Q``2Hi2/ +QKTQM2Mi `2KQpH #v S* M/ i?2 1JS* K2i?Q/b
UȜ dXkVX 6BMHHv r2 #`B2~v /Bb+mbb 7mim`2 T`QbT2+ib Q7 #Qi? i?2 6JGP K2i?Q/
Bib2H7 M/ i?2 bB;MH T`Q+2bbBM; 7Q` Qi?2` i2H2b+QT2b M/ M2r BMbi`mK2Mib UȜ dXjVX
dXR /pMi;2b M/ HBKBiiBQMb Q7 i?2 6JGP K2i?Q/
dXRXR AM@bBim 2biBKiBQM Q7 P66@TQBMi
6B`bi Q7 HH- r2 +QM}`K i?i i?2 TT`Q+? Q7 `2KQpBM; +Q``2Hi2/ MQBb2b Bb TTHB@
+#H2 iQ i?2 Ubm#@VKBHHBK2i2` bT2+i`Qb+QTv b i?2 6JGP K2i?Q/, h?2 +Q``2Hi2/
MQBb2b U+QKTQM2MibV /Q 2tBbi BM  iBK2bi`2K /i Q7 7`2[m2M+v KQ/mHiBQMX AM
+?Ti2` 8- r2 /2KQMbi`i2 7Q` i?2 }`bi iBK2 i?i +Q``2Hi2/ +QKTQM2Mib biBHH `2@
KBM BM  iBK2bi`2K 7i2` +Q``2+iBM;  ;BM +m`p2- M/ i?2v `2 `2KQp2/ #v 
S* M/fQ` i?2 1JS* T`QT2`Hv Ub22 HbQ };m`2 8XRj- 8XR9- 8XR8- M/ 8XRe 2p2M
RRd
i?2v `2 i?2 `2bmHib Q7 QMHv 8 KBMmi2b Q#b2`piBQMVX h?Bb bm;;2bib i?i i?2 #b2HBM2
bT2+i`mK Q7 P66@TQBMi +M #2 p`B#H2 rBi?BM ivTB+H PLĜP66 brBi+?BM; BMi2`@
pH U∼ 5 − 10 b2+QM/bV BM i?2 TQbBiBQM brBi+?BM; USaqV K2i?Q/- M/ Bi Bb i?mb
M2+2bb`v iQ Q#iBM iBK2@b2`B2b /i KQ`2 i?M " 1 >x B7 r2 rQmH/ HBF2 iQ `2KQp2
HH i?2 +QMi`B#miBQMb 7`QK bm+? MQBb2bX q2 HbQ +QM}`K i?i i?2 BMi2MbBiv M/ HBM2
b?T2 Q7 M bi`QMQKB+H bT2+i`H HBM2 `2 MQi z2+i2/ #v  +Q``2Hi2/ +QKTQM2Mi
`2KQpH #v  S* M/fQ` i?2 1JS* B7 r2 +QmH/ +?QQb2 M QTiBKH 7`2[m2M+v
KQ/mHiBQM Tii2`M U6JSV ++Q`/BM; iQ i?2 ;mB/2 /2b+`B#2/ BM Ȝ 8XjX9X AM +?T@
i2` 8 M/ e- r2 /2MQKbi`i2 i?i i?2 BMi2MbBiv M/ HBM2 b?T2 Q7 #Qi? `iB}+BH
M/ bi`BMQKB+H HBM2b `2 +QMbBbi2Mi rBi? i?Qb2 Q#iBM2/ rBi? i?2 +QMp2MiBQMH
Saq K2i?Q/X JQ`2Qp2` r2 b22 i?i bm+? BM@bBim 2biBKiBQM Q7 P66@TQBMi Bb M
2z2+iBp2 rv iQ 2HBKBMi2  ǳb+MMBM; 2z2+iǴ BM  KTTBM; Q#b2`piBQM rBi? QMHv 
bBM;H2 /B`2+iBQM Q7 b+M Tii2`MX 6BMHHv r2 Kmbi K2MiBQM i?i HH i?2b2 `2bmHib `2
Q#iBM2/ rBi?Qmi Mv P66@TQBMi Q#b2`piBQMb- r?B+? `2bmHib BM `2K`F#H2 b2M@
bBiBpBiv BKT`Qp2K2Mib Q7 #Qi? bT2+i`H M/ KTTBM; Q#b2`piBQMb Q7 i?2 6JGP
K2i?Q/b Uι ≃ 1.7 M/ RXR- `2bT2+iBp2HvV T2` mMBi Q#b2`piBQM iBK2 M/ MQBb2 H2p2HX
h?2 TT`Q+? Q7 bT2+i`H #b2HBM2 bm#i`+iBQM #v MQM@bm#i`+iBQM Q7 P66@TQBMi
#mi KQ/2HBM; Bi BM@bBim Bb i?2`27Q`2 M2+2bb`v 7Q` mb iQ #2i i?2 +Q``2Hi2/ MQBb2b
7`QK i?2 iKQbT?2`2 M/ Q#iBM bT2+i` Q7 B/2H MQBb2 H2p2HX
dXRXk TTHB+iBQM 7Q` H`;2 KTTBM; Q#b2`piBQMb
AM +?Ti2` 8- r2 /2KQMbi`i2 i?i i?2 b2MbBiBpBiv BKT`Qp2K2Mi Q7 i?2 6JGP
KTTBM;- Bb ι ∼ 1.1 URy W Q7 BKT`Qp2K2MiV +QKT`2/ iQ M Ph6 QM2- r?B+?
b22Kb iQ #2 bKHH2` KQmMi Q7 BKT`Qp2K2Mi BM i?2 +b2 Q7 bT2+i`H HBM2 UTQBMiBM;V
Q#b2`piBQM Q7 i?2 6JGP K2i?Q/ Uι ∼ 1.7VX h?Bb Bb #2+mb2 r?BH2 i?2 PL@TQBMi
Q#b2`piBQM Q7 i?2 6JGP Bb kyĜjy W KQ`2 2{+B2Mi- i?2 MQBb2 +QMi`B#miBQM 7`QK
P66@TQBMi- α- Bb 8W rQ`b2 i?M i?2 Ph6 QM2X A7 α Q7 6JGP Bb MQi ;2iiBM; #2ii2`-
αOTF/αFMLO Bb ;2iiBM; rQ`b2 UH2bb i?M mMBivV 7Q` rB/2` KTTBM; `2 bm+? b
b2p2`H b[m`2@/2;`22 bm`p2vX Ai Bb- ?Qr2p2`- 2tT2+i2/ i?i r2 rBHH Q#iBM biBHH
#2ii2` ι 7Q` rB/2` KTTBM; `2 #2+mb2 i?2`2 2tBbib mTT2` HBKBi Q7 b+M H2M;i?- l1-
Q#b2`p#H2 i M Ph6 Q#b2`piBQM /m2 iQ i?2 mTT2` HBKBi Q7 M Q#b2`p2/ iBK2 T2` 
RR3
b+M- tscan- r?BH2 M 6JGP Q#b2`piBQM ?b MQ bm+? HBKBibX ++Q`/BM; iQ ǳ>Qr iQ
.2i2`KBM2 S`K2i2`bǴ» Q7 LQ#2vK 98 K r2#bBi2- tscan b?QmH/ #2 RyĜjy b2+QM/b
7Q`  KTTBM; Q#b2`piBQM Q7 LQ#2vK 98 K U`2+QKK2M/2/ pHm2 Q7 tscan =
20 b2+QM/bV #2+mb2 URV H`;2` iBK2 BMi2`pH #2ir22M P66@TQBMib +mb2b  #b2HBM2
rB;;H2 bBKBH` iQ Saq K2i?Q/- M/ UkV HQM;2` tscan UBX2X- HQM;2` Q#b2`piBQM iBK2
Q7 M 2MiB`2 KTV MQ HQM;2` ;m`Mi22 i?2 mMB7Q`KBiv Q7  KTX HbQ i?2`2 2tBbib 
HQr2` HBKBi Q7 b+M bT22/- vscan- r?2`2 bTiBH bKTHBM; BMi2`pH b?QmH/ #2 RfjĜRf9
Q7 #2K bBx2 U>S"qVX 6Q`  RR8 :>x Q#b2`piBQM Q7 LQ#2vK 98 K iQ Q#b2`p2
*P URĜyV HBM2 U#2K bBx2 Q7 R8 `+b2+V- 7Q` 2tKTH2- vscan b?QmH/ #2 8yĜey `+b2+fb
M/ i?Bb vB2H/b M mTT2` HBKBi Q7 l1 Q7 Ryyy@Rkyy `+b2+X A7 r2 bmTTQb2 iQ +QM/m+i
1 × 1 /2;`222 KTTBM; Q#b2`piBQMb Q7 #Qi? Ph6 M/ 6JGP K2i?Q/b- Ph6 Bb
M2+2bb`v iQ bTHBi i?2 KTTBM; `2 BMiQ N /Bz2`2Mi 20 × 20 `+KBM2 bm#`2;BQMbX
h?Bb vB2H/b M Q#b2`piBQM 2{+B2M+v Q7 ηONOBS = 0.51 r?BH2 i?i Q7 6JGP +?B2p2b
ηONOBS = 0.81- Km+? ?B;?2` pHm2 B7 r2 mb2 T`K2i2`b /2b+`B#2/ BM i#H2 dXR ÞX
hQ;2i?2` rBi? MQBb2 +QMi`B#miBQM 7+iQ`- b2MbBiBpBiv BKT`Qp2Mi Bb ι = 1.17 URd W Q7
BKT`Qp2K2MiV M/ 2{+B2M+v BKT`Qp2K2Mi T2` mMBi MQBb2 H2p2H Bb ι2 = 1.36 Uje W Q7
BKT`Qp2K2MiVX h?Bb Bb #2+mb2 r2 bbmK2 i?i i?2 6JGP KTTBM; +M #`2F i?2
mTT2` HBKBi Q7 tscan M/ br22T  b+M H2M;i? Q7 R /2; i  iBK2 Utscan = 72 b2+QM/bVX
q2 MQi2 i?i i?2 /2`Bp2/ ι Bb HQr2` HBKBi, AM +imH Q#b2`iBQM- r2 2tT2+i i?i i?2
#b2HBM2 rB;;H2b M/fQ` b+MMBM; 2z2+ib `2 bm#i`+i2/ #v +Q``2Hi2/ +QKTQM2Mi
`2KQpH- r?B+? rBHH `2bmHi BM Km+? ?B;?2` ι M/ i?mb ;m`Mi22b i?2 mMB7Q`KBiv Q7
 KT 2p2M rB/2` UHQM;2`V b+M H2M;i? Q7 R /2;- b r2 T`iBHHv /2KQMbi`i2 BM
Ȝ eXkX
dXRXj *QMiBMmmK M/ #`Q/2` HBM2 Q#b2`piBQMb
AM +?Ti2` 8- r2 /2KQMbi`i2 i?i M QTiBKH 6JS /2T2M/b QM  HBM2 rB/i?
U6q>JV Q7  i`;2iX h?Bb- ?Qr2p2`- bm;;2bib i?i r2 M22/ iQ FMQr i?2 BMi`BMbB+
HBM2 rB/i? Q7  i`;2i #v Mv K2MbX Hi?Qm;? r2 +M Hrvb +?QQb2 M/ +`2i2
M 6JS Q7 i?2 H`;2bi 6J rB/i? M/ bi2T b M QTiBKH QM2- r2 b?QmH/ +`27mHHv
»?iiT,ffrrrXM`QXMQX+XDTfM`Q98K`if?iKHfQ#bfQi7fT`K@2X?iKH
Þr2 +M mb2 i?2K rBi?Qmi HQbb Q7 ;2M2`HBiv #2+mb2 Qi?2` T`K2i2`b bm+? b ttran- tapp `2
HbQ `2Hi2/ iQ vscanX a22 };m`2 3 Q7 ar/ 2i HX Ukyy3V
RRN
FM width
Band width
FM width
Band width
tONtON line FWHMline FWHM
(b) Band width < 2 × FM width(a) Band width > 2 × FM width
νobs νobs
sensitivity loss
6B;m`2 dXR, a+?2KiB+ /B;`K Q7  `2[mB`2K2Mi Q7 bT2+i`QK2i2`Ƕb #M/ rB/i? 7Q`  bT2+i`H HBM2
Q#b2`piBQMX h?2 iQT #H+F #`b b?Qr i?2 #M/ rB/i? Q7  bT2+i`QK2i2` rBi? 7`2[m2M+v KQ/mHiBQMX
h?2 #QiiQK ;`T?b b?Qr iQiH PL@bQm`+2 iBK2 +?B2p2/ rBi? xB;@x; 6JS b  7mM+iBQM Q7 Q#b2`p2/
_6 7`2[m2M+vX UV i?2 +b2 Q7 #M/ rB/i? = k 6J rB/i?, HH i?2 bKTH2b Q7  iBK2bi`2K 7mHHv
+Qp2` i?2 HBM2 rB/i? U6q>JV M/ b2MbBiBpBiv HQbb /QbMǶi ?TT2MX U#V i?2 +b2 Q7 #M/ rB/i? I k
6J rB/i?, bQK2 bKTH2b Q7  iBK2bi`2K /QbMǶi +Qp2` i?2 HBM2 rBi/? U6q>JV M/ b2MbBiBpBiv HQbb
?TT2Mb i i?2 2/;2b Q7 i?2 HBM2X
+QMbB/2` i?2 +b2 i?i i?2 bB;MH Q7 M 2KBbbBQM HBM2 Q++mTB2b H`;2 KQmMi Q7
 iQiH #M/ rB/i? Q7  bT2+i`QK2i2`X 6Q` 2tKTH2 Q7  bT2+i`H Q#b2`piBQM Q7
 ∆v = 300 FKfb *P HBM2 UbbmKBM;  KbbBp2 ;HtvV- i?Bb Bb 2[mBpH2Mi iQ
∼ 0.1 :>x i i?2 LQ#2vK 98 K 7Q` M Q#b2`piBQM Q7 *P URĜyV M/ Bi Bb M``Qr
2MQm;? U∼ 6 WV 7Q` i?2 iQiH #M/ rB/i? Q7 bT2+i`QK2i2` aJ98 UEKxFB 2i HX
UkyRkVc kyyy J>xVX PM i?2 Qi?2` ?M/- i?i Bb 2[mBpH2Mi iQ ∼ 0.3 :>x i i?2
ah1 Ry K 7Q` M Q#b2`piBQM Q7 *P UjĜkV M/ Bi Q++mTB2b ∼ 70 W Q7 i?2 iQiH
#M/ rB/i? Q7 bT2+i`QK2i2` J* UUaQ`B 2i HX- kyyyVc 8Rk J>xV- r?B+? +mb2b
b2MbBiBpBiv HQbb i i?2 Qmi2` bFB`ib Q7 HBM2 Ub22 };m`2 dXRVX A7 r2 rQmH/ HBF2 iQ pQB/
+mbBM; bm+? HQbb- i?2 iQiH #M/ rB/i? Q7  bT2+i`QK2i2` b?QmH/ #2 irB+2 b rB/2
b i?2 6J rB/i?X hQ;2i?2` rBi? i?2 ;mB/2 7Q` M QTiBKH 6JS UȜ 8XjX9V- i?2
`2[mB`2K2Mib 7Q`  bT2+i`QK2i2` M/ 6JS iQ +``v Qmi M 6JGP bT2+i`H HBM2
Q#b2`piBQM Bb b 7QHHQrb,
1
2
bandwidth > FMwidth > linewidth UdXRV
q2 MQi2 i?i i?Bb Bb MQi i?2 +b2 rBi?  bT2+i`H HBM2 bm`p2v r?B+? Q#iBMb b2p2`H
:>x Qp2` i?2 #M/ rB/i? Q7  bT2+i`QK2i2`X AM i?Bb +b2- r2 +M b2i M 6J rB/i?
Rky
Ph6† 6JGP
l1 U`+b2+V Rkyy jeyy
l2 U`+b2+V Rkyy jeyy
∆l U`+b2+V e e
tscan Ub2+QM/V k9 dk
ttran Ub2+QM/V 8 8
tOFF Ub2+QM/V k9 y
tOFFtran Ub2+QM/V Ry y
tapp Ub2+QM/V 8 8
NSEQscan j y
fcal ≃ 1 ≃ 1
d U`+b2+V Ry Ry
η 9Xj 9Xj
tOH Ub2+QM/V R8Xy RyXy
tONcell Ub2+QM/V RX99 RXjk
tOFFcell Ub2+QM/V 9yXy y
tONtot UKBMmi2bV dk9 ee9
tOBStot UKBMmi2bV R9Rd 3kR
ηONOBS yX8R yX3R
h#H2 dXR, *QKT`BbQM Q7 Q#b2`piBQM 2{+B2M+v #2ir22M M Ph6 M/ 6JGP Q#b2`piBQMb Q7 1 ×
1 /2;2 KTTBM; `2X †, h?2 T`K2i2`b `2 7Q`  20 × 20 `+KBM2 Ph6 KTTBM; M/ r2 BK iQ
iF2 N iBK2b Q7 bBM;H2 KTTBM; iQ KF2  R /2;2 KTX
rB/2` i?M ?H7 Q7 #M/ rB/i?- M/ Bi Bb 2tT2+i2/ iQ #2 M 2{+B2Mi bm`p2v +QKT`2/
iQ +QM/m+iBM; Saq Q#b2`piBQMb b2p2`H iBK2b #v +?M;BM; +2Mi2` 7`2[m2M+B2bX
q2 HbQ MQi2 i?i 7`QK i?2 +QM/BiBQM Bi Bb mM#H2 iQ Q#iBM +QMiBMmmK 2KBbbBQM
rBi? M 6JGP Q#b2`piBQM U+Q``2bTQM/BM; HBM2 rB/i? →∞VX qBi?  KmHiB@TBt2H
?2i2`Q/vM2 `2+2Bp2`- ?Qr2p2`- Bi Kv #2 TQbbB#H2 iQ Q#iBM +QMiBMmmK 2KBbbBQM
#2+mb2 bi`QMQKB+H bB;MHb `2 KQ/mHi2/ MQi QMHv BM 7`2[m2M+v #mi HbQ bTiBH
tBb HBF2 Ubm#@VKBHHBK2i2` +QMiBMmmK +K2`X
RkR
6B;m`2 dXk, *QKT`BbQM Q7 +QKTmiiBQM +Qbib #2ir22M S* M/ i?2 1JS*X h?2 i?`22 HBM2b b?Qr
i?2 MmK#2` Q7 QT2`iBQMb b  7mM+iBQM Q7 i?2 MmK#2` Q7 bT2+i`QK2i2` +?MM2Hb- DX lMH2bbD 2t+22/b
104- i?2 +HbbB+H S* M/ QM2 +H+mHiBM; QMHv }`bi K T`BM+BTH +QKTQM2Mib `2 #2ii2` bQHmiBQMbX
Pi?2`rBb2 i?2 1JS* Bb #2ii2` #v  Q`/2` Q7 K;MBim/2 Q` KQ`2X h?2 Qi?2` T`K2i2`b `2, i?2
MmK#2` Q7 /i- N = 600 UbbmKBM; iBK2@+?mMF T`Q+2bb Q7 R KBMmi2V- i?2 MmK#2` Q7 T`BM+BTH
+QKTQM2Mib Q7 BMi2`2bi- K = 50- i?2 ivTB+H MmK#2` Q7 Bi2`iBQMb HQQT2/ BM i?2 1JS*- M = 100X
dXk *QKTmiiBQM +Qbi Q7 bB;MH T`Q+2bbBM;
b Bb /Bb+mbb2/ BM "BH2v UkyRkV- QM2 Q7 i?2 /pMi;2b iQ mb2 i?2 1JS* Bb
+QKTmiiBQM +QbiX h?2 +HbbB+H S* `2[mB`2b  +QKTmiiBQM +Qbi Q7 O(D3) UO Bb
GM/m bvK#QHV 7Q` +H+mHiBM;  +Qp`BM+2 Ki`Bt iQ /2`Bp2 2B;2Mp2+iQ`b- P X A7
QM2 rQmH/ HBF2 iQ Q#iBM QMHv i?2 }`biK 2B;2Mp2+iQ`b- i?2M i?2 +Qbi rBHH #2 `2/m+2/
iQ O(ND2)- #mi Bi biBHH +Qbib  HQi r?2M N ≪ D- M/ Bi Bb i?2 +b2 rBi? M 6JGP
Q#b2`piBQM r?2`2 N = 600 UBM iBK2@+?mMF T`Q+2bbV M/ D " 103X PM i?2 Qi?2`
?M/- i?2 1JS* `2[mB`2b QMHv O(NK3) iQ bQHp2 C BM  1@bi2T M/ O(NKD)
iQ bQHp2 P BM  J@bi2T- `2bT2+iBp2HvX *QMbB/2`BM; i?2 MmK#2` Q7 Bi2`iBQM- M - Bi
im`Mb Qmi i?i i?2 1JS* Bb KQ`2 2{+B2Mi B7 i?2 7QHHQrBM; +QM/BiBQM Bb 7mH}HH2/,
M(NK3 +NKD) < ND2 UdXkV
AM i?2 +b2 Q7 bB;MH T`Q+2bbBM; Q7 i?2 i?2bBb- i?2b2 T`K2i2`b `2 `Qm;?Hv, M =
100- N = 600- K = 50- M/ D = 2000X h?Bb vB2H/b M(NK3+NKD)/(ND2) ∼ 6-
r?B+? BM/B+i2b i?i i?2 1JS* Bb H2bb 2{+B2Mi i?M i?2 +HbbB+H S*X q2 MQi2
i?i i?2 +imH +QKTmiiBQM iBK2 Bb biBHH `2bQM#H2, 6Q` 2tKTH2- i?2 TBT2HBM2
`2/m+iBQM iF2b iQiH `2/m+iBQM iBK2 Q7 k8 KBMmi2b BM+Hm/BM; Re 1JS* M/ 3
Rkk
S* Bi2`iBp2 T`Q+2bb2b Qp2` M 6JGP KTTBM; Q#b2`piBQM Q7 jN KBMmi2b iQr`/
P`BQM `2;BQM UlbBM; J+ S`Q Gi2 kyRj rBi? jX8 :>x e *Q`2 AMi2H s2QM 18c b22
HbQ Ȝ eXkVX
q2 HbQ MQi2 i?i i?Bb `2bmHi Bb }MHHv `2p2`b2/ B7 D Bb KQ`2 i?M 104 b
BHHmbi`i2/ BM };m`2 dXkX AM T`iB+mH`- bQK2 Q7 /B;BiH bT2+i`QK2i2`b 7Q` Ubm#@
VKBHHBK2i2` rp2H2M;i? ?p2 H`2/v 2[mBTT2/ rBi? bm+? MmK#2` Q7 bT2+i`Qb+QTB+
+?MM2Hb U7Q` 2tKTH2- s66ha UEH2BM 2i HX- kyRkVc SQH`Ba UJBxmMQ 2i HX- kyR9VV-
M/ M 6JGP bvbi2K mbBM; s66ha bT2+i`QK2i2` Bb ;QBM; iQ #2 mb2/ b  #+F@
2M/ Q7 k KK `2+2Bp2` BMbiHH2/ iQ i?2 G`;2 JBHHBK2i2` h2H2b+QT2 UGJhc b22 HbQ
Ȝ dXjX9VX Ai Bb i?2`27Q`2 pHm#H2 iQ mb2 i?2 1JS* MQi QMHv 7Q` 2biBKiBM;
iKQT?2`B+ HBM2 2KBbbBQM #mi HbQ 7Q` `2/m+BM; +QKTmiiBQM +Qbi BM i?2 7mim`2
bT2+i`Qb+QTB+ BMbi`mK2MibX
dXj 6mim`2 T`QbT2+ib Q7 bB;MH T`Q+2bbBM;
dXjXR :BM +Q``2+iBQM
b /2b+`B#2/ BM Ȝ 9Xk- r2 THM iQ 2biBKi2 6J ;BM 7`QK  7`2[m2M+v KQ/mH@
iBQM HQ/ß K2bm`2K2MiX "2+mb2 i?2`2 2tBbib MQ bB;MH 7`QK iKQbT?2`B+ M/
bi`QMQKB+H HBM2 2KBbbBQM- i?Bb rBHH #2 #2ii2` M/ b2+m`2 2biBKiBQM i?M i?i
mbBM;  iBK2bi`2K Q7 PL@TQBMi Bib2H7X AM T`iB+mH`- i?Bb rQmH/ #2 2bb2MiBH r?2M
r2 +QM/m+i M 6JGP Q#b2`piBQM rBi?  /Qm#H2 bB/2#M/ U.a"V KBt2` #2+mb2
2[mBpH2Mi +QMi`B#miBQM 7`QK Ga" M/ la" Q7  .a" KBt2` rBHH +?M;2 i?2 #b2@
HBM2 Q7 iBK2bi`2K KQ`2 /`biB+HHv i?M i?i Q7 bBM;H2 bB/2#M/ Uaa"VX HbQ Bi
rQmH/ #2 2bb2MiBH B7 r2 +QM/m+i M 6JGP Q#b2`piBQM rBi?  KmHiB@TBt2H ?2i2`Q@
/vM2 `2+2Bp2` bm+? b 6P_1ah UJBMKB/MB 2i HX- kyReV #2+mb2  ;BM +m`p2
Bb TQbbB#H2 iQ #2 /Bz2`2Mi #2ir22M 2+? `2+2Bp2` TBt2H- M/ Bi Bb i?mb M2+2bb`v iQ
+Q``2+i 6J ;BM #27Q`2 r2 +QM/m+i  KT KFBM;X Hi?Qm;? M K2bm`2K2Mi Q7
 HQ/ rBi? 7`2[m2+v KQ/mHiBQM `2[mB`2b  /Bz2`2Mi Q#b2`piBQM i#H2 U b+`BTi
r?B+? +QMi`QHb i?2 i2H2b+QT2 bvbi2KV- r2 ?p2 H`2/v i`B2/ bm+? K2bm`2K2Mib
M/ T`iBHHv Q#iBM2/ i?2 iBK2bi`2K UmM#H2 iQ mb2 7Q` i?2 bB;MH T`Q+2bbBM;
ßM #bQ`#2` Q7 Ubm#@VKBHHBK2i2` rp2 bB;MH i `QQK i2KT2`im`2 Ub22 +?Ti2` kV
data are not correctly ignored by the algorithm, they will have a
large effect on the extracted eigenvectors.
Figure 4 shows the results of applying classic PCA and
weighted EMPCA to these data. Upper left: Classic PCA ap-
plied to the noiseless data recovers the input eigenvectors,
slightly rotated to form the best ranked eigenvectors for describ-
ing the data variance. Upper right: EMPCA applied to the same
noiseless data recovers the same input eigenvectors.Middle left:
When classic PCA is applied to the noisy data, the highest order
eigenvector is dominated by the noise, and the effects of the
non-uniform noise are clearly evident as increased noise from
½0; π=2". Middle right: Weighted EMPCA is much more robust
to the noisy data, extracting results close to the original eigen-
vectors. The highest order eigenvector is still affected by the
noise, which is a reflection that the noise does contribute power
to the data variance. However, the extra-noisy region from
½0; π=2" is not affected more than the region from ½π=2; 2π"
due to the proper deweighting of the noisy data. Lower left:
Smoothed, weighted EMPCA is almost completely effective
at extracting the original eigenvectors with minimal impact from
the noise. Lower right: Even when 10% of every observation is
missing, smoothed, weighted EMPCA is effective at extracting
the underlying eigenvectors. All eigenvectors for all methods
are orthogonal at the level of Oð10$17Þ.
7.2. QSO Data
Figure 5 shows the results of applying classic PCA and
weighted EMPCA to QSO spectra from the SDSS Data Release
7 (Abazajian et al. 2009), using the QSO redshift catalog of
Hewett & Wild (2010). Five hundred spectra of QSOs with
redshift 2:0 < z < 2:1 were randomly selected and trimmed
to 1340 < λ < 1620 Å to show the Si IV and C IV emission
features. Spectra with more than half of the pixels masked
were discarded. Each spectrum was normalized to median
[fluxð1440 < λ < 1500 ÅÞ" ¼ 1 and the weighted mean of
all normalized spectra was subtracted. The left panel of Figure 5
plots examples of high, median, and low signal-to-noise spectra
and a broad absorption line (BAL) QSO from this sample.
Approximately 2% of the spectral bins have been flagged with
a bad-data mask, e.g., due to cosmic rays, poor sky subtraction,
or the presence of non-QSO narrow absorption features from the
intergalactic medium. These are treated as missing data with
weight ¼ 0. The goal of weighted EMPCA is to deweight prop-
erly the noisy spectra such that the resulting eigenvectors are pre-
dominantly describing the underlying signal variations and not
just measurement noise. Weights are 1=σ2ij where σij is the SDSS
pipeline estimated measurement noise for wavelength bin i of
FIG. 3.—Example of noisy data used to test weighted EMPCA. See the elec-
tronic edition of the PASP for a color version of this figure.
FIG. 4.—Examples of classic PCA and EMPCA applied to noiseless, noisy,
and missing data. See the electronic edition of the PASP for a color version of
this figure.
FIG. 5.—Example of high-, median-, and low signal-to-noise (S/N) input QSO
spectra and a BAL QSO (left). The first three classic PCA eigenvectors are
shown at top right; the first three weighted EMPCA eigenvectors are shown
at bottom right. See the electronic edition of the PASP for a color version of
this figure.
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features. Spectra with more than half of the pixels masked
were discarded. Each spectrum was normalized to median
[fluxð1440 < λ < 1500 ÅÞ" ¼ 1 and the weighted mean of
all normalized spectra was subtracted. The left panel of Figure 5
plots examples of high, median, and low signal-to-noise spectra
and a broad absorption line (BAL) QSO from this sample.
Approximately 2% of the spectral bins have been flagged with
a bad-data mask, e.g., due to cosmic rays, poor sky subtraction,
or the presence of non-QSO narrow absorption features from the
intergalactic medium. These are treated as missing data with
weight ¼ 0. The goal of weighted EMPCA is to deweight prop-
erly the noisy spectra such that the resulting eigenvectors are pre-
dominantly describing the underlying signal variations and not
just measurement noise. Weights are 1=σ2ij where σij is the SDSS
pipeline estimated measurement noise for wavelength bin i of
FIG. 3.—Example of noisy data used to test weighted EMPCA. See the elec-
tronic edition of the PASP for a color version of this figure.
FIG. 4.—Examples of classic PCA and EMPCA applied to noiseless, noisy,
and missing data. See the electronic edition of the PASP for a color version of
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Example noisy data (3 orthogonal sinusoids) Estimated three eigenvectors with different methods
Current situations 
of FMLO's EM/PCA
Possible Solution 
of FMLO's EMPCA
Frequency (arbitrary unit)
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6B;m`2 dXj, .2KQMbi`iBQM Q7 i?2 1JS* iF2M 7`QK "BH2v UkyRkV, UH27iV 1tKTH2 Q7 MQBbv /i
+`2i2/ #v i?`22 /Bz2`2Mi T2`BQ/ UQ`i?Q;QMHV Q7 bBMmbQB/b THmb MQBb2b U`B;?iV i?`22 2B;2Mp2+iQ`b
+QMbi`m+i2/ #v /Bz2`2Mi S*@HBF2 K2i?Q/bX h?2 iQT irQ TM2Hb b?Qr i?2 `2bmHi #v +HbbB+H S*
M/ r2B;?i2/ 1JS* QM MQBbv /i- r?B+? `2 i?2 +b2b Q7 +m``2Mi K2i?Q/b mb2/ BM i?2 TBT2HBM2
H;Q`Bi?K- M/ i?2 `2+QMbi`m+i2/ 2B;2Mp2+iQ`b +QMiBM MQBb2bX PM i?2 Qi?2` ?M/- B7 r2 bKQQi?
2B;2Mp2+iQ`b /m`BM; Bi2`iBp2 bi2Tb Q7 i?2 1JS*- QM2 rQmH/ Q#iBM MQBb2H2bb 2B;2Mp2+iQ`b b b?QrM
BM i?2 #QiiQK `B;?i TM2HX
#Qp2- ?Qm;?V BM LQ#2vK 98 K- r?B+? /2KQMbi`i2b i?2 TQbbB#BHBiv Q7 bm+?
K2bm`2K2MibX
dXjXk *Q``2Hi2/ +QKTQM2Mi `2KQpH
AM +?Ti2` 8 M/ e- r2 /2KQMbi`i2 i?i S* M/ i?2 1JS* T`QT2`Hv 2biB@
Ki2 +Q``2Hi2/ +QKTQM2Mib M/ i?mb +H2M2/ iBK2bi`2K 7i2` bm+? +QKTQM2Mib
`2 bm#i`+i2/X h?2`2 2tBbib- ?Qr2p2`- M BKTQ`iMi Bbbm2 #Qmi i?2 +QMi`B#miBQM
Q7 MQBb2 7`QK +Q``2Hi2/ +QKTQM2Mib i?2Kb2Hp2b- r?B+? Bb 2tT`2bb2/ b  7+iQ`-
α ≃ 1.1X Hi?Qm;? Bi Bb bKHH2` i?M i?2 7+iQ` Q7 TQbBiBQM brBi+?BM; Uα = √2V- Bi
rQmH/ #2 #2ii2` B7 r2 +QmH/ KBMBKBx2 bm+? +QMi`B#miBQM UBX2X- αFMLO → 1VX PM2
TQbbB#BHBiv Bb bKQQi?BM; Q7 +Q``2Hi2/ +QKTQM2Mib BM 2+? Bi2`iBQM Q7 i?2 1J@
S*X "BH2v UkyRkV /Bb+mbb i?2 TQbbB#BHBiv Q7 ǳbKQQi?2/ 1JS*Ǵ- r?2`2 i?2v
/2KQMbi`i2 i?i bKQQi?BM; Q7 i?2 2Bp2M p2+iQ`b i 2+? J@bi2T rBHH `2bmHi BM QT@
iBKH bKQQi? 2B;2Mp2+iQ`b `i?2` i?M #v bKQQi?BM; MQBbv 2B;2Mp2+iQ`b 7i2`r`/
HBF2 };m`2 dXjX h?Bb- ?Qr2p2`- `2[mB`2b  +QM/BiBQM i?i i?2 H2M;i? b+H2 Q7 i?2
BMi`BMbB+ +Q``2Hi2/ +QKTQM2Mib Bb H`;2` i?M i?i Q7 i?2 MQBb2b- BX2X- +Q``2Hi2/
+QKTQM2Mi ?b MQi `M/QK #mi `2;mH` bT2+i`H b?T2 /m`BM; M Q#b2`piBQM M/
Rk9
r2 Kmbi FMQr rBM/Qr H2M;i? mb2/ 7Q` bKQQi?BM; bm+? b apBixFv@:QHv }Hi2`X
6Q` bm+? TT`Q+?- r2 b?QmH/ Q#iBM iBK2bi`2K Q7 /Bz2`2Mi 7`2[m2M+v `M;2b
M/fQ` Q#b2`piBQM iBK2 Q` b2bQMb iQ KQMBiQ` i?2 `Q#mbiM2bb Q7 KQ/2b Q7 +Q``2@
Hi2/ +QKTQM2MibX HbQ r2 b?QmH/ FMQr M QTiBKH rBM/Qr H2M;i? 7Q` bKQQi?BM;
mbBM; i?2 bi`i2;v Q7 bKQQi?2/ #M/Tbb +HB#`iBQM UuKFB 2i HX- kyRkVX
dXjXj JQ/2HBM; iKQbT?2`B+ HBM2 2KBbbBQM
AM +?Ti2` e- r2 /2KQMbi`i2 i?i i?2 bi`QM; HBM2 2KBbbBQM Q7 QxQM2 Bb /2i2+i2/
M/ `2KQp2/ T`QT2`Hv BM #Qi? bT2+i`H M/ KTTBM; 6JGP Q#b2`piBQMbX h?Bb
TT`Q+?- ?Qr2p2`- `2[mB`2b i?i bT2+i`H HBM2 Q7 HH KQH2+mH` bT2+B2b /2i2+i#H2
i i?2 MQBb2 H2p2HX A7 r2 +QM/m+i Km+? /22T2` 6JGP Q#b2`piBQMb U∆T ∗A ∼ KEV
Q7  #HBM/ `2/b?B7i b2`+? 7Q`  /BbiMi ;HtvȜ- Bi Bb M2+2bb`v iQ /BbiBM;mBb? 
HBM2 Q7 i?2 i`;2i 7`QK QM2b 7`QK i?2 iKQbT?2`2- 7Q` 2tKTH2- KBMQ` bT2+B2b bm+?
b *P- *P2- LPx- M/ ``2 i`MbBiBQMb Q7 KDQ` bT2+B2b Ui H2bi QM2 KE@Q`/2`
HBM2 Q7 QxQM2 2tBbib BM R :>x #M/ rB/i?VX h?2`27Q`2 r2 Kv M22/ iQ +QMbi`m+i
M2r KQ/2Hb 7Q` bm+? KBMQ` bT2+B2b i M Q#b2`piBQM bBi2 #v +QHH#Q`iBQM rBi?
`2b2`+?2`b Q7 1`i? iKQbT?2`2X
dXjX9 TTHB+iBQM 7Q` Qi?2` BMbi`mK2Mib
q2 K2MiBQM QM;QBM; M/ 7mim`2 TQbbB#H2 TTHB+iBQM Q7 i?2 6JGP K2i?Q/ M/
+Q``2Hi2/ +QKTQM2Mi `2KQpH iQ i?2 M2r BMbi`mK2MibX
6B`bi Q7 HH- r2 rBHH BKTH2K2Mi i?2 6JGP K2i?Q/ QM i?2 6P_1ah BM 2`Hv
kyR3 M/ +``v Qmi M QM@bBi2 +QKKBbbBQMBM; #2+mb2 i?2 hw `2+2Bp2` 2[mBTT2/
rBi? M 6JGP Bb MQr /2+QKKBbbBQM2/ M/ 6P_1ah Bb mb2/ b M Hi2`MiBp2
`2+2Bp2` i i?2 Q#b2`p2/ 7`2[m2M+v Q7 3yĜRRe :>xX AM i?2 +QKBbbBQMBM;- r2 BK
iQ /2KQMbi`i2 i?i HH i?2 `2bmHib BM i?2 i?2bBb `2 `2T`Q/m+2/ rBi? 6P_1ah-
M/ HbQ /2KQMbi`i2 i?2 6J ;BM +Q``2+iBQM #v  K2bm`2K2Mi Q7  DHQ/ rBi?
7`2[m2M+v KQ/mHiBQM b r2HH b KmHiB@TBt2H 6JGP K2i?Q/X q2 2tT2+i i?i
ȜM Q#b2`piBQM Q7  #`B;?i bT2+i`H HBM2 bm+? b *P Q` BQMBx2/ +`#QM iQ /2i2`KBM2 i?2
bT2+i`Qb+QTB+ `2/b?B7i Q7  i`;2i r?B+? Bb `Qm;?Hv T`2@2biBKi2/ #v MQi?2` Q#b2`piBQMb b 
T?QiQK2i`B+ `2/b?B7i
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6B;m`2 dX9, UH27iV G`;2 JBHHBK2i2` h2H2b+QT2 UGJhc Ü G`;2 JBHHBK2i2` h2H2b+QT2 H7QMbQ a2``MQV-
U+2Mi2`V 6Pm`@#2K _1+2Bp2` avbi2K QM i?2 98@K h2H2b+QT2 U6P_1ahc Ü LPCV- U`B;?iV .22T
aT2+i`Qb+QTB+ >B;?@`2/b?B7i JTT2` U.1a>AJc Ü1M/Q G#V
bBKmHiM2Qmb iBK2bi`2Kb #v 7Qm` #2Kb rBHH // bTiBH BM7Q`KiBQM 7Q` KQ/2HBM;
bi`QMQKB+H HBM2 2KBbbBQM BM  KTTBM; Q#b2`piBQMX
b #`B2~v K2MiBQM2/ #Qp2- r2 HbQ THM iQ BKTH2K2Mi i?2 6JGP K2i?Q/
QM i?2 "M/ 9 `2+2Bp2` 7Q` i?2 GJh 8y K- r?B+? ?b i?2 H`;2bi T2`im`2 `2
KQM; HH bBM;H2@/Bb? i2H2b+QT2b i λ ∼k KKX q2 rBHH mb2 i?2 s66ha /B;BiH
bT2+i`QK2i2` b  #+F2M/- r?B+? rQmH/ #2  ;QQ/ /2KQMbi`iBQM Q7 i?2 Bi2`iBp2
Mim`2 Q7 i?2 1JS*X JQ`2Qp2`- i?2 s66ha ?b M /pMi;2 i?i Bib `272`2M+2
QmiTmi bB;MH bvM+?`QMBx2/ rBi? i?2 bi`i iBK2 Q7 bKTHBM; +M /B`2+iHv i`B;;2` i?2
7`2[m2M+v KQ/mHiBQM UHBbi br22TV Q7 i?2 Rbi GP bB;MH ;2M2`iQ` U;BH2Mi 13k8d.V-
r?B+? rBHH +?B2p2 i?2 iBK2 bvM+?`QMBxiBQM #2ir22M 7`2[m2M+v KQ/mHiBQM M/
bT2+i`QK2i2`Ƕb bKTHBM; rBi?Qmi K2bm`BM; bT2+i`H HBM2 Q#b2`piBQMb bm+? b aBP
Kb2`b Ub22 HbQ Ȝ 8XkXkVX
b  M2r TTHB+iBQM Q7 +Q``2Hi2/ +QKTQM2Mi `2KQpH iQ BMbi`mK2Mib Qi?2`
i?M ?2i2`Q/vM2 `2+2Bp2`b- r2 `2 MQr p2`B7vBM; +Q``2Hi2/ MQBb2 `2KQpH QM i?2
/i Q7 .1a>AJ U.22T aT2+i`Qb+QTB+ >B;?@`2/b?B7i JTT2`c 1M/Q 2i HX UkyRkVV-
M QM@+?BT }Hi2`#MF bT2+i`QK2i2` rBi? KB+`Qrp2 FBM2iB+ BM/m+iM+2 /2i2+iQ`b
UJEA.bV r?B+? rBHH +Qp2` M mHi`@rB/2 7`2[m2M+v `M;2 Q7 k9yĜdky :>xX "2+mb2
.1a>AJ Bb MQi  ?2i2`Q/vM2 `2+2Bp2`- i?2 TT`Q+? Q7 +Q``2Hi2/ MQBb2 `2KQpH
rBi? i?2 6JGP K2i?Q/ Bb MQi TTHB+#H2X PM i?2 Qi?2` ?M/- i?2 QmiTmi Q7
.1a>AJ Bb  iBK2bi`2K /i +QMiBMBM; bm++2bbBp2 PL M/ P66@TQBMi #v
Rke
ALMA
6B;m`2 dX8, i+K G`;2 JBHHBK2i2`fbm#KBHHBK2i2` ``v ULPC- 1aP- L_PVX
im`Mb rBi?  bKTHBM; `i2 Q7 ∼ 160 >xX h?Bb K2Mb i?i r2 +M KQ/2H +Q``2Hi2/
+QKTQM2Mib 7`QK  iBK2bi`2K Q7 P66@TQBMi #v S*, PM+2 r2 ;2i 2B;2Mp2+iQ`b
7`QK P66@TQBMi U2tT2+i2/ iQ #2 MQ bT2+i`H HBM2 2KBbbBQM BM i?2KV- i?2M r2
+M +QM/m+i HBM2` }i Q7 2B;2Mp2+iQ`b iQ  iBK2bi`2K Q7 PL@TQBMi iQ +?B2p2
BM@bBim 2biBKiBQM Q7 P66@TQBMiX h?Bb TT`Q+? Q7 ǳiBK2bi`2K@#b2/ TQbBiBQM
brBi+?BM;Ǵ Bb Q`B;BMHHv T`QTQb2/ 7Q` i?2`KH #+F;`QmM/ bm#i`+iBQM BM M BM7``2/
+K2` U>mMxBF2` 2i HX- kyRdVX Ai rBHH #2  mb27mH K2i?Q/ BM i?2 7mim`2 i2H2b+QT2b
M/fQ` BMbi`mK2Mib 7Q` bT2+i`Qb+QTv r?2`2 i?2 6JGP K2i?Q/ Bb MQi TTHB+#H2
#mi QM2 rQmH/ HBF2 iQ bm#i`+i +Q``2Hi2/ +QKTQM2Mib iQ Q#iBM  bT2+i`mK rBi?
M 2tT2+i2/ b2MbBiBpBiv UBX2X- MQi bmz2`2/ 7`QK #b2HBM2 rB;;H2bVX
6BMHHv r2 rQmH/ HBF2 iQ bi`i /Bb+mbbBM; i?2 TTHB+iBQM Q7 i?2 6JGP K2i?Q/
iQ i?2 GJ hQiH SQr2` ``v- r?B+? Bb +QKTQb2/ Q7 7Qm` Rk K Mi2MM b 
T`i Q7 i+K *QKT+i ``v UA;m+?B 2i HX- kyyNV- M/ Bb HbQ bmz2`2/ 7`QK
i?2 HQr Q#b2`pBM; 2{+B2M+v #2+mb2 Q7 Bib ?B;? b2MbBiBpBivX h?2 6JGP K2i?Q/
rQmH/ #2 ?2HT7mH iQ BKT`Qp2 i?2 Q#b2`pBM; 2{+B2M+v b r2HH b `2/m+2 #b2HBM2
rB;;H2b Q7 bm+? bBimiBQMbX H;?Qm;? r2 Kmbi bQHp2 i?2 Bbbm2b #Qp2 iQ BKTH2K2Mi
i?2 6JGP iQ bm+? M ǳmHiBKi2Ǵ Ubm#@VKBHHBK2i2` i2H2b+QT2- Bi rQmH/ #2 ;`2i
QTTQ`imMBiB2b iQ p2`B7v i?2 6JGP K2i?Q/ 7m`i?2` mbBM; 6P_1ah Q7 LQ#2vK
98 K- ah1 Ry K- M/ "M/ 9 `2+2Bp2` Q7 GJh 8y KX
Rkd
A7 i?2 BKTH2K2MiiBQM Bb ?`/ iQ 2tTHBM- BiǶb  #/
B/2X A7 i?2 BKTH2K2MiiBQM Bb 2bv iQ 2tTHBM- Bi
Kv #2  ;QQ/ B/2X
6`QK i?2 w2M Q7 Svi?QM- #v hBK S2i2`b
8
*QM+HmbBQMb
AM i?Bb i?2bBb- r2 BK iQ +?B2p2  M2r bT2+i`Qb+QTv #b2/ QM +Q``2Hi2/ MQBb2
`2KQpH 7Q` ?B;? Q#b2`piBQM 2{+B2M+v M/ H2bb #b2HBM2 `2TTH2b `2HBx2/ #v BM@bBim
2biBKiBQM Q7 P66@TQBMi rBi?Qmi Q#b2`pBM; Bi- M/ i?mb /2p2HQT  M2r K2i?Q/
Q7 iBK2bi`2K@#b2/ Q#b2`piBQM rBi? 7`2[m2M+v KQ/mHiBQM Q7  HQ+H Qb+BHHiQ`
U6JGPV iQ r?B+? +Q``2Hi2/ MQBb2 `2KQpH Bb TTHB+#H2X hQ;2i?2` rBi? HH `2bmHib-
Qm` +QM+HmbBQMb Q7 i?Bb i?2bBb `2 b 7QHHQrb,
*Q``2Hi2/ MQBb2 `2KQpH BM Ubm#@VKBHHBK2i2` bT2+i`Qb+QTv
q2 /2KQMbi`i2 7Q` i?2 }`bi iBK2 i?i +Q``2Hi2/ MQBb2b 2tBbi BM  iBK2bi`2K
/i Q7 M 6JGP Q#b2`piBQM- M/ i?2v `2 BM@bBim 2biBKi2/ M/ i?2M bm#i`+i2/
rBi? +Q``2Hi2/ MQBb2 `2KQpH `2HBx2/ #v S* M/ i?2 1JS*X h?Bb +?B2p2b
Q#iBMBM;  bT2+i`mK rBi? MQ P66@TQBMi Q#b2`pBQMb M/ i?mb ?B;? Q#b2`piBQM
2{+B2M+v Q7 ηobs = 0.92 BM M 6JGP Q#b2`piBQM Q7  bT2+i`H HBM2X *QKT`2/ iQ
+QMp2MiBQMH Saq K2i?Q/ QM  bT2+i`H HBM2 Q#b2`piBQM- r2 /2KQMbi`i2 i?i i?2
+?B2p2/ b2MbBiBpBiv Q7 i?2 6JGP K2i?Q/ T2` mMBi iQiH Q#b2`piBQM iBK2 Bb ∼RXd
iBK2b #2ii2` i?M i?i Q7 Saq- BM Qi?2` rQ`/b- i?2 +?B2p2/ 2{+B2M+v T2` mMBi
MQBb2 H2p2H Bb ∼ 3 iBK2b #2ii2`X HbQ +QKT`2/ iQ +QMp2MiBQMH Ph6 K2i?Q/ QM 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KTTBM; Q#b2`piBQM- r2 /2KQMbi`i2 i?i i?2 +?B2p2/ b2MbBiBpBiv Q7 i?2 6JGP
K2i?Q/ T2` mMBi iQiH Q#b2`piBQM iBK2 Bb ∼RXR iBK2b #2ii2` i?M i?i Q7 Saq-
BM Qi?2` rQ`/b- i?2 +?B2p2/ 2{+B2M+v T2` mMBi MQBb2 H2p2H Bb ∼ 1.2 iBK2b #2ii2`X
Hi?Qm;?- r2 +QMbB/2` i?2b2 pHm2b b HQr2` HBKBi, h?2`2 2tBbib MQBb2 +QMi`B#miBQM
7`QK +Q``2Hi2/ +QKTQM2Mi `2KQpH Bib2H7 b  7+iQ` Q7 α ≃ 1.1X MQi?2` `2bQM
Bb i?2 Q#b2`piBQMb iQ r?B+? i?2b2 pHm2b `2 /2`Bp2/ `2 `2HiBp2Hv bKHH@b+H2,
rBi? HQM;2` TQBMiBM; Q` rB/2` KTTBM; Q#b2`piBQMb- i?2 +?B2p2/ b2MbBiBpBiv M/
2{+B2M+v rBHH #2 Km+? #2ii2` i?M Saq QM2b #2+mb2 i?2 6JGP K2i?Q/ Bb 7`22
7`QK p`BQmb Qp2`?2/ bm+? b P66@TQBMi Q#b2`piBQM M/ i2H2b+QT2 bH2r iBK2
#2ir22M PL M/ P66- r?B+? BM+`2b2b KQ`2 BM  HQM;2` Ui?mb BMi2M/BM; /22T2`V
Q#b2`piBQM r?2`2 Q#b2`p2` b?QmH/ brBi+? PL M/ P66 KQ`2 [mB+FHv 7Q` i?2 #2ii2`
bT2+iH #b2HBM2 ~iiM2bbX
6Q`KmHiBQM M/ bB;MH T`Q+2bbBM; 7Q` KQ/mHi2/ iBK2bi`2Kb
q2 2tT`2bb i?2 Q#b2`piBQM 2[miBQMb Q7 i?2 6JGP K2i?Q/ b M 2ti2MbBQM Q7
QM2b 7Q` +QMp2MiBQMH Saq K2i?Q/ rBi? +?QTT2`@r?22H +HB#`iBQM iQ KQ/mHi2/
iBK2bi`2KbX 6`QK TQBMi Q7 pB2r Q7 bB;MH T`Q+2bbBM;- r2 TQBMi Qmi i?i i?2
;BM Q7 PL@TQBMi Q#b2`piBQM Bb TQbbB#H2 iQ #2 p`B#H2 /2T2M/BM; QM 7`2[m2M+v
KQ/mHiBQM U6J ;BMV bm;;2bi2/ b i?2 Q#b2`piBQM 2[miBQM Q7 i?2 6JGPK2i?Q/X
q2 i?mb T`QTQb2  bB;MH T`Q+2bbBM; iQ 2biBKi2 M/ +Q``2+i 7Q` i?2 6J ;BM
#27Q`2 M BMi2MbBiv +HB#`iBQM M/ /2KQMbi`i2 i?i bm+? 6J ;BM ?b Km+?
KQmMi Q7 +QMi`B#miBQM iQ bT2+i`H #b2HBM2 +?M;2- M/ Bb 2biBKi2/ M/ +Q``2+i2/
#v Qm` T`QTQb2/ bB;MH T`Q+2bbBM; Q7 bKQQi?BM; PL@TQBMi iBK2bi`2K /i 7i2`
bQ`iBM; #v 6J +?MM2HbX q2 HbQ T`QTQb2  M2r +Q``2Hi2/ +QKTQM2Mi `2KQpH
K2i?Q/ mM/2` bi`QM; M/ #`Q/2` bT2+i`H HBM2 2KBbbBQM Q7 i?2 iKQbT?2`2 bm+?
b QxQM2 KQH2+mH2X q2 BMi`Q/m+2 r2B;?i2/ S* `2HBx2/ #v i?2 1JS*- r?Qb2
Bi2`iBp2 bi2Tb iF2 ++QmMi Q7 /2r2B;?iBM; Q7 iKQbT?2`B+ HBM2 2tBbiBM; 2H2K2Mib
Qp2`  iBK2bi`2KX q2 /2KQMbi`i2 i?i iKQbT?2`B+ QxQM2 HBM2b i RRy :>x M/
+Q``2Hi2/ +QKTQM2Mib +M #2 KQ/2H2/ b2T`i2Hv #v i?2 1JS* M/ QxQM2 HBM2b
`2 }MHHv `2KQp2/ 7`QK  }MH bT2+i`mKX
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*QMbBbi2M+v rBi? +QMp2MiBQMH TQbBiBQM brBi?BM; K2i?Q/
q2 p2`B7v i?2 +QMbBbi2M+v #2ir22M  bT2+i`mK Q7 Saq K2i?Q/ M/ QM2 Q#b2`p2/
7`QK 6JGP K2i?Q/ M/ i?2M `2/m+2/ rBi? i?2 bB;MH T`Q+2bbBM; T`QTQb2/ #Qp2-
#v bBKmHiBQM Q7 Q#b2`piBQM M/ `2/m+iBQM rBi? M `iB}+BH bT2+i`H HBM2 KQ/2H
2K#2//2/ iQ iBK2bi`2K Q7 #HMF bFvX q2 /2KQMbi`i2 i?i :mbbBM M/ `2+iM@
;mH` KQ/2Hb rBi? b2p2`H HBM2 rB/i?b M/ BMi2MbBiB2b `2 `2T`Q/m+2/ #v bBKmHiBQMb
rBi? i?2 #2bi 7`2[m2M+v KQ/mHiBQM Tii2`M U6JSVX q2 bBKmHiM2QmbHv Q#iBM i?2
;mB/2 7Q` M QTiBKH 6JSb i?i i?2 iQiH 6J rB/i? Q7 M 6JS b?QmH/ #2 rB/2`
i?M i?2 HBM2 6q>J rB/i?X q2 HbQ /2KQMbi`i2 i?i i?2 Q#iBM2/ bT2+i` Q7
b2p2`H bi`QMQKB+H i`;2i rBi? 6JGP M/ Saq Q` Ph6 KTTBM; `2 +QMbBbi2Mi
rBi? 2+? Qi?2` rBi? mbBM; M QTiBKH 6JS b2H2+i2/ ++Q`/BM; iQ i?i ;mB/2X
6`QK HH i?2 `2bmHib- r2 }MHHv /2KQMbi`i2 Ubm#@VKBHHBK2i2` bT2+i`Qb+QTv #b2/
QM +Q``2Hi2/ MQBb2 `2KQpH #v  /2p2HQTK2Mi Q7 i?2 6JGP K2i?Q/X
Rjy
A
amTTH2K2Mi`v 6B;m`2b
>2`2 r2 HBbi bmTTH2K2Mi`v };m`2b `2Hi2/ iQ Ȝ 8XjX9 UPTiBKBxiBQM Q7 7`2m[m2M+v
KQ/mHiBQM Tii2`MVX  KBMB bmKK`v Q7 };m`2b Bb b 7QHHQrb,
6B;m`2 XRĜXe, :`B/ pB2r Q7 HH i?2 `2bmHib Q7 bT2+i`H HBM2 bBKmHiBQMb rBi? 
:mbbBM KQ/2H U∆v = [50, 100, 300] FKfb- Tpeak = [0.1, 0.5] E i N3Xy :>xV
2K#2//2/ iQ iBK2bi`2Kb Q7 #HMF bFv Q#b2`p2/ rBi? p`BQmb 6JSbX
6B;m`2 XdĜXRk, :`B/ pB2r Q7 HH i?2 `2bmHib Q7 bT2+i`H HBM2 bBKmHiBQMb rBi?
 `2+iM;mH` KQ/2H U∆v = [50, 100, 300] FKfb- Tpeak = [0.1, 0.5] E i
N3Xy :>xV 2K#2//2/ iQ iBK2bi`2Kb Q7 #HMF bFv Q#b2`p2/ rBi? p`BQmb
6JSbX
6B;m`2 XRjĜXR9, >2iKTb Q7 `2/m+2/ χ2 #2ir22M `2T`Q/m+2/ M/ KQ/2H
bT2+i` Q7 `2+iM;mH` KQ/2Hb U∆v = [50, 100, 300] FKfb 7`QK H27i iQ `B;?i-
Tpeak = [0.1, 0.5] E i N3Xy :>xV +H+mHi2/ 7Q` p`BQmb 6JSbX
6B;m`2 XR8ĜXRe, >2iKTb Q7 `2/m+2/ χ2 7i2` bm#i`+iBM; +Q``2Hi2/ +QKTQ@
M2Mib i i?2 }`bi Bi2`iBQM #2ir22M `2T`Q/m+2/ M/ KQ/2H bT2+i` Q7 `2+iM@
;mH` KQ/2Hb U∆v = [50, 100, 300] FKfb 7`QK H27i iQ `B;?i- Tpeak = [0.1, 0.5] E
i N3Xy :>xV +H+mHi2/ 7Q` p`BQmb 6JSbX
RjR
6B;m`2 XR, :`B/ pB2r Q7 HH i?2 `2bmHib Q7 bT2+i`H HBM2 bBKmHiBQMb rBi?  :mbbBM KQ/2H
U∆v = 50 FKfb- Tpeak = 0.5 E i N3Xy :>xV 2K#2//2/ iQ iBK2bi`2Kb Q7 #HMF bFv Q#b2`p2/
rBi? p`BQmb 6JSbX "Hm2 M/ ;`22M HBM2b b?Qr i?2 `2T`Q/m+2/ bT2+i`mK 7i2` bB;MH T`Q+2bbBM; M/
i?2 KQ/2H bT2+i`mK Bib2H7- `2bT2+iBp2HvX :`v #`b i iQT M/ #QiiQK Q7  TM2H BM/B+i2 M 6J bi2T
UJ>xfbKTH2c T`BMi2/ b J>xfbV M/ 6J rB/i? UJ>xV Q7 M 6JS mb2/ 7Q` M 6JGP Q#b2`piBQMX
Rjk
6B;m`2 Xk, :`B/ pB2r Q7 HH i?2 `2bmHib Q7 bT2+i`H HBM2 bBKmHiBQMb rBi?  :mbbBM KQ/2H U∆v =
100 FKfb- Tpeak = 0.5 E i N3Xy :>xV 2K#2//2/ iQ iBK2bi`2Kb Q7 #HMF bFv Q#b2`p2/ rBi?
p`BQmb 6JSbX "Hm2 M/ ;`22M HBM2b b?Qr i?2 `2T`Q/m+2/ bT2+i`mK 7i2` bB;MH T`Q+2bbBM; M/ i?2
KQ/2H bT2+i`mK Bib2H7- `2bT2+iBp2HvX :`v #`b i iQT M/ #QiiQK Q7  TM2H BM/B+i2 M 6J bi2T
UJ>xfbKTH2c T`BMi2/ b J>xfbV M/ 6J rB/i? UJ>xV Q7 M 6JS mb2/ 7Q` M 6JGP Q#b2`piBQMX
Rjj
6B;m`2 Xj, :`B/ pB2r Q7 HH i?2 `2bmHib Q7 bT2+i`H HBM2 bBKmHiBQMb rBi?  :mbbBM KQ/2H U∆v =
300 FKfb- Tpeak = 0.5 E i N3Xy :>xV 2K#2//2/ iQ iBK2bi`2Kb Q7 #HMF bFv Q#b2`p2/ rBi?
p`BQmb 6JSbX "Hm2 M/ ;`22M HBM2b b?Qr i?2 `2T`Q/m+2/ bT2+i`mK 7i2` bB;MH T`Q+2bbBM; M/ i?2
KQ/2H bT2+i`mK Bib2H7- `2bT2+iBp2HvX :`v #`b i iQT M/ #QiiQK Q7  TM2H BM/B+i2 M 6J bi2T
UJ>xfbKTH2c T`BMi2/ b J>xfbV M/ 6J rB/i? UJ>xV Q7 M 6JS mb2/ 7Q` M 6JGP Q#b2`piBQMX
Rj9
6B;m`2 X9, :`B/ pB2r Q7 HH i?2 `2bmHib Q7 bT2+i`H HBM2 bBKmHiBQMb rBi?  :mbbBM KQ/2H
U∆v = 50 FKfb- Tpeak = 0.1 E i N3Xy :>xV 2K#2//2/ iQ iBK2bi`2Kb Q7 #HMF bFv Q#b2`p2/
rBi? p`BQmb 6JSbX "Hm2 M/ ;`22M HBM2b b?Qr i?2 `2T`Q/m+2/ bT2+i`mK 7i2` bB;MH T`Q+2bbBM; M/
i?2 KQ/2H bT2+i`mK Bib2H7- `2bT2+iBp2HvX :`v #`b i iQT M/ #QiiQK Q7  TM2H BM/B+i2 M 6J bi2T
UJ>xfbKTH2c T`BMi2/ b J>xfbV M/ 6J rB/i? UJ>xV Q7 M 6JS mb2/ 7Q` M 6JGP Q#b2`piBQMX
Rj8
6B;m`2 X8, :`B/ pB2r Q7 HH i?2 `2bmHib Q7 bT2+i`H HBM2 bBKmHiBQMb rBi?  :mbbBM KQ/2H U∆v =
100 FKfb- Tpeak = 0.1 E i N3Xy :>xV 2K#2//2/ iQ iBK2bi`2Kb Q7 #HMF bFv Q#b2`p2/ rBi?
p`BQmb 6JSbX "Hm2 M/ ;`22M HBM2b b?Qr i?2 `2T`Q/m+2/ bT2+i`mK 7i2` bB;MH T`Q+2bbBM; M/ i?2
KQ/2H bT2+i`mK Bib2H7- `2bT2+iBp2HvX :`v #`b i iQT M/ #QiiQK Q7  TM2H BM/B+i2 M 6J bi2T
UJ>xfbKTH2c T`BMi2/ b J>xfbV M/ 6J rB/i? UJ>xV Q7 M 6JS mb2/ 7Q` M 6JGP Q#b2`piBQMX
Rje
6B;m`2 Xe, :`B/ pB2r Q7 HH i?2 `2bmHib Q7 bT2+i`H HBM2 bBKmHiBQMb rBi?  :mbbBM KQ/2H U∆v =
300 FKfb- Tpeak = 0.1 E i N3Xy :>xV 2K#2//2/ iQ iBK2bi`2Kb Q7 #HMF bFv Q#b2`p2/ rBi?
p`BQmb 6JSbX "Hm2 M/ ;`22M HBM2b b?Qr i?2 `2T`Q/m+2/ bT2+i`mK 7i2` bB;MH T`Q+2bbBM; M/ i?2
KQ/2H bT2+i`mK Bib2H7- `2bT2+iBp2HvX :`v #`b i iQT M/ #QiiQK Q7  TM2H BM/B+i2 M 6J bi2T
UJ>xfbKTH2c T`BMi2/ b J>xfbV M/ 6J rB/i? UJ>xV Q7 M 6JS mb2/ 7Q` M 6JGP Q#b2`piBQMX
Rjd
6B;m`2 Xd, :`B/ pB2r Q7 HH i?2 `2bmHib Q7 bT2+i`H HBM2 bBKmHiBQMb rBi?  `2+iM;mH` KQ/2H
U∆v = 50 FKfb- Tpeak = 0.5 E i N3Xy :>xV 2K#2//2/ iQ iBK2bi`2Kb Q7 #HMF bFv Q#b2`p2/ rBi?
p`BQmb 6JSbX "Hm2 M/ ;`22M HBM2b b?Qr i?2 `2T`Q/m+2/ bT2+i`mK 7i2` bB;MH T`Q+2bbBM; M/ i?2
KQ/2H bT2+i`mK Bib2H7- `2bT2+iBp2HvX :`v #`b i iQT M/ #QiiQK Q7  TM2H BM/B+i2 M 6J bi2T
UJ>xfbKTH2c T`BMi2/ b J>xfbV M/ 6J rB/i? UJ>xV Q7 M 6JS mb2/ 7Q` M 6JGP Q#b2`piBQMX
Rj3
6B;m`2 X3, :`B/ pB2r Q7 HH i?2 `2bmHib Q7 bT2+i`H HBM2 bBKmHiBQMb rBi?  `2+iM;mH` KQ/2H
U∆v = 100 FKfb- Tpeak = 0.5 E i N3Xy :>xV 2K#2//2/ iQ iBK2bi`2Kb Q7 #HMF bFv Q#b2`p2/ rBi?
p`BQmb 6JSbX "Hm2 M/ ;`22M HBM2b b?Qr i?2 `2T`Q/m+2/ bT2+i`mK 7i2` bB;MH T`Q+2bbBM; M/ i?2
KQ/2H bT2+i`mK Bib2H7- `2bT2+iBp2HvX :`v #`b i iQT M/ #QiiQK Q7  TM2H BM/B+i2 M 6J bi2T
UJ>xfbKTH2c T`BMi2/ b J>xfbV M/ 6J rB/i? UJ>xV Q7 M 6JS mb2/ 7Q` M 6JGP Q#b2`piBQMX
RjN
6B;m`2 XN, :`B/ pB2r Q7 HH i?2 `2bmHib Q7 bT2+i`H HBM2 bBKmHiBQMb rBi?  `2+iM;mH` KQ/2H
U∆v = 300 FKfb- Tpeak = 0.5 E i N3Xy :>xV 2K#2//2/ iQ iBK2bi`2Kb Q7 #HMF bFv Q#b2`p2/ rBi?
p`BQmb 6JSbX "Hm2 M/ ;`22M HBM2b b?Qr i?2 `2T`Q/m+2/ bT2+i`mK 7i2` bB;MH T`Q+2bbBM; M/ i?2
KQ/2H bT2+i`mK Bib2H7- `2bT2+iBp2HvX :`v #`b i iQT M/ #QiiQK Q7  TM2H BM/B+i2 M 6J bi2T
UJ>xfbKTH2c T`BMi2/ b J>xfbV M/ 6J rB/i? UJ>xV Q7 M 6JS mb2/ 7Q` M 6JGP Q#b2`piBQMX
R9y
6B;m`2 XRy, :`B/ pB2r Q7 HH i?2 `2bmHib Q7 bT2+i`H HBM2 bBKmHiBQMb rBi?  `2+iM;mH` KQ/2H
U∆v = 50 FKfb- Tpeak = 0.1 E i N3Xy :>xV 2K#2//2/ iQ iBK2bi`2Kb Q7 #HMF bFv Q#b2`p2/ rBi?
p`BQmb 6JSbX "Hm2 M/ ;`22M HBM2b b?Qr i?2 `2T`Q/m+2/ bT2+i`mK 7i2` bB;MH T`Q+2bbBM; M/ i?2
KQ/2H bT2+i`mK Bib2H7- `2bT2+iBp2HvX :`v #`b i iQT M/ #QiiQK Q7  TM2H BM/B+i2 M 6J bi2T
UJ>xfbKTH2c T`BMi2/ b J>xfbV M/ 6J rB/i? UJ>xV Q7 M 6JS mb2/ 7Q` M 6JGP Q#b2`piBQMX
R9R
6B;m`2 XRR, :`B/ pB2r Q7 HH i?2 `2bmHib Q7 bT2+i`H HBM2 bBKmHiBQMb rBi?  `2+iM;mH` KQ/2H
U∆v = 100 FKfb- Tpeak = 0.1 E i N3Xy :>xV 2K#2//2/ iQ iBK2bi`2Kb Q7 #HMF bFv Q#b2`p2/ rBi?
p`BQmb 6JSbX "Hm2 M/ ;`22M HBM2b b?Qr i?2 `2T`Q/m+2/ bT2+i`mK 7i2` bB;MH T`Q+2bbBM; M/ i?2
KQ/2H bT2+i`mK Bib2H7- `2bT2+iBp2HvX :`v #`b i iQT M/ #QiiQK Q7  TM2H BM/B+i2 M 6J bi2T
UJ>xfbKTH2c T`BMi2/ b J>xfbV M/ 6J rB/i? UJ>xV Q7 M 6JS mb2/ 7Q` M 6JGP Q#b2`piBQMX
R9k
6B;m`2 XRk, :`B/ pB2r Q7 HH i?2 `2bmHib Q7 bT2+i`H HBM2 bBKmHiBQMb rBi?  `2+iM;mH` KQ/2H
U∆v = 300 FKfb- Tpeak = 0.1 E i N3Xy :>xV 2K#2//2/ iQ iBK2bi`2Kb Q7 #HMF bFv Q#b2`p2/ rBi?
p`BQmb 6JSbX "Hm2 M/ ;`22M HBM2b b?Qr i?2 `2T`Q/m+2/ bT2+i`mK 7i2` bB;MH T`Q+2bbBM; M/ i?2
KQ/2H bT2+i`mK Bib2H7- `2bT2+iBp2HvX :`v #`b i iQT M/ #QiiQK Q7  TM2H BM/B+i2 M 6J bi2T
UJ>xfbKTH2c T`BMi2/ b J>xfbV M/ 6J rB/i? UJ>xV Q7 M 6JS mb2/ 7Q` M 6JGP Q#b2`piBQMX
R9j
6B;m`2 XRj, >2iKTb Q7 `2/m+2/ χ2 #2ir22M `2T`Q/m+2/ M/ KQ/2H bT2+i` Q7 `2+iM;mH` KQ/2Hb
U∆v = 50, 100, 300 FKfb 7`QK H27i iQ `B;?i- Tpeak = 0.5 E i N3Xy :>xV +H+mHi2/ 7Q` p`BQmb 6JSbX
h?2 MmK#2`b BM 2+? +2HH `2 i?2 pHm2b Q7 `2/m+2/ χ2 r?B+? `2 /2`Bp2/ mbBM; ±3∆v 7`2[m2M+v
`M;2 b HBM2 `2;BQM M/ ±[3∆v, 6∆v] b HBM2@7`22 `2;BQMb 7Q` +H+mHiBM; MQBb2 H2p2HX
6B;m`2 XR9, >2iKTb Q7 `2/m+2/ χ2 #2ir22M `2T`Q/m+2/ M/ KQ/2H bT2+i` Q7 `2+iM;mH` KQ/2Hb
U∆v = 50, 100, 300 FKfb 7`QK H27i iQ `B;?i- Tpeak = 0.1 E i N3Xy :>xV +H+mHi2/ 7Q` p`BQmb 6JSbX
h?2 MmK#2`b BM 2+? +2HH `2 i?2 pHm2b Q7 `2/m+2/ χ2 r?B+? `2 /2`Bp2/ mbBM; ±3∆v 7`2[m2M+v
`M;2 b HBM2 `2;BQM M/ ±[3∆v, 6∆v] b HBM2@7`22 `2;BQMb 7Q` +H+mHiBM; MQBb2 H2p2HX
R99
6B;m`2 XR8, >2iKTb Q7 `2/m+2/ χ2 7i2` bm#i`+iBM; +Q``2Hi2/ +QKTQM2Mib i i?2 }`bi Bi2`iBQM
#2ir22M `2T`Q/m+2/ M/ KQ/2H bT2+i` Q7 `2+iM;mH` KQ/2Hb U∆v = 50, 100, 300 FKfb 7`QK H27i iQ
`B;?i- Tpeak = 0.5 E i N3Xy :>xV +H+mHi2/ 7Q` p`BQmb 6JSbX h?2 T`K2i2`b mb2/ 7Q` +H+mHiBM;
`2/m+2/ χ2 `2 bK2 b };m`2 XRjX
6B;m`2 XRe, >2iKTb Q7 `2/m+2/ χ2 7i2` bm#i`+iBM; +Q``2Hi2/ +QKTQM2Mib i i?2 }`bi Bi2`iBQM
#2ir22M `2T`Q/m+2/ M/ KQ/2H bT2+i` Q7 `2+iM;mH` KQ/2Hb U∆v = 50, 100, 300 FKfb 7`QK H27i iQ
`B;?i- Tpeak = 0.1 E i N3Xy :>xV +H+mHi2/ 7Q` p`BQmb 6JSbX h?2 T`K2i2`b mb2/ 7Q` +H+mHiBM;
`2/m+2/ χ2 `2 bK2 b };m`2 XR9X
R98
B
amTTH2K2Mi`v 1[miBQMb
>2`2 r2 /2b+`B#2 i?2 /2iBH2/ /27Q`KiBQM 7`QK 2[miBQM 9X3 iQ 9XRyX q2 MQi2
i?i i?2 i2`Kb 7`QK BK;2 bB/2#M/ `2 MQi /2b+`B#2/ BM i?2 7QHHQrBM; 2[miBQMb
7Q` i?2 bBKTHB+Biv rBi?Qmi HQbb Q7 ;2M2`HBivX q2 bi`i i?2 /27Q`KiBQM 7`QK i?2
Q#b2`piBQM 2[miBQMb Q7 PL M/ GQ/ 7i2` ;BM +Q``2+iBQM,
PON,corr = G0kB
{
η
[
T Aste−τ + TAtm(1− e−τ )]+ (1− η)TRoom + TRX} U"XRV
P Load,corr = G0kB
{
TRoom + TRX
} U"XkV
h?2v `2 bK2 b 2[miBQM 9Xe M/ 9XdX h?2 2[mBpH2Mi P66@TQBMi iBK2bi`2K Bb
+H+mHi2/ #v K2/BM Q7 PON,corr HQM; iBK2 tBb,
POFF ≡ medn(PON,corr)
= G0kB
{
η
[
T Ce−medn(τ ) + TAtm(1− e−medn(τ ))]+ (1− η)TRoom + TRX} U"XjV
R9e
h?2M r2 /2b+`B#2 i?2 QT2`iBQMb Q7 PLĜP66 M/ GQ/ĜP66- r?B+? `2 2MmK2`@
iQ` M/ /2KQKBMiQ` Q7 QM2@HQ/ +?QTT2` r?22H +HB#`iBQMǶb 2[miBQM,
PON,corr − POFF
= G0kBη
{
T Aste−τ − T Ce−medn(τ ) − TAtm(e−τ − e−medn(τ ))}
= G0kBηe
−medn(τ ) {T Aste−τ¯ − T C + TAtm(1− e−τ¯ )} U"X9V
P Load,corr − POFF
= G0kBηe
−medn(τ ) {T Atm − T C} U"X8V
r?2`2 τ¯ ≡ τ − medn(τ ) Bb i?2 K2/BM@bm#i`+i2/ QT+Biv Q7 i?2 iKQbT?2`2X
6BMHHv r2 Q#iBM T Calib #v bm#biBimiBM; i?2K BM i?2 2[miBQM "Xe,
T Calib = TAtm
PON,corr − POFF
P Load,corr − POFF U"XeV
=
TAtm
T Atm − T C
[
T Aste−τ¯ − T C + TAtm(1− e−τ¯ )]
=
TAtm
T Atm − T C
[
T Ce−τ¯ + T NCe−τ¯ − T C + TAtm(1− e−τ¯ )]
=
TAtm
T Atm − T C
[
T NCe−τ¯ + (T Atm − T C)(1− e−τ¯ )]
=
T NC
1− ε e
−τ¯ + TAtm(1− e−τ¯ ) U"XdV
r?2`2 ε ≡ T C/TAtm Bb i?2 BMi2MbBiv `iBQ #2ir22M bi`QMQKB+H +QMiBMmmK M/
iKQbT?2`2 U∼ 293 EVX lM/2` M bbmKTiBQM Q7 ε ≪ 1 UM/ i?Bb Bb TTHB+#H2
7Q` i?2 KQbi +b2 Q7 M bi`QMQKB+H Q#b2`piBQMbV- 2[miBQM "Xd +M #2 bBKTHv
2tT`2bb2/ b i?2 7QHHQrBM;,
T Calib ≃ T NCe−τ¯ + TAtm(1− e−τ¯ ) U"X3V
h?Bb Bb r?i r2 mb2 b 2[miBQM 9XRy UrBi?Qmi 2tTHB+BiHv 2tT`2bbBM; BK;2 bB/2@
#M/VX
R9d
LK2bT+2b `2 QM2 ?QMFBM; ;`2i B/2
Ĝ H2iǶb /Q KQ`2 Q7 i?Qb25
6`QK i?2 w2M Q7 Svi?QM- #v hBK S2i2`b
C
6J6HQr Ĝ .i MHvbBb S+F;2
>2`2 r2 #`B2~v BMi`Q/m+2 6J6HQr-  Svi?QM /i MHvbBb T+F;2 7Q` i?2 6JGP
K2i?Q/- r?B+? `2 /2p2HQT2/ M/ KBMi2BM2/ #v i?2 6JGP bQ7ir`2 i2K»X q2
HbQ b?Qr  Svi?QM b+`BTi mbBM; 6J6HQr mb2/ 7Q` `2/m+BM; /i Q7 i?2 b+B2M+2
/2KQMbi`iBQM Q7 LQ#2vK 98 KX
*XR *m``2Mi biimb Q7 6J6HQr
*m``2MiHv 6J6HQr ?b #22M /2p2HQT2/ 7Q` T`QpB/BM; i?`22 /Bz2`2Mi 7mM+iBQMHBiB2b,
URV K2`;BM;  `r iBK2bi`2K U#BM`v /iV- b2p2`H HQ; }H2b Q7 M 6JGP Q#@
b2`piBQM BMiQ  bBM;H2 6Aha }H2 ++Q`/BM; iQ  i2H2b+QT2fBMbi`mK2Mi@BM/2T2M/2Mi
bT2+B}+iBQMb +HH2/ 6J6AhaÞ- UkV HQ/BM;  6J6Aha }H2 BM Svi?QM M/ +`2i2 M
Q#D2+i Q7 iBK2bi`2K b t``vß 7Q`Ki- M/ UjV T`QpB/BM; p`BQmb 7mM+iBQMb r?B+?
QT2`i2 M t``v Q7 iBK2bi`2K bm+? b /2fKQ/mHiBQM- BMi2;`iBQMfT`QD2+iBQM-
1JfS*- M/ p`BQmb KQ/2HBM; K2i?Q/b /2b+`B#2/ BM +?Ti2` 9X q2 /QMǶi /2@
b+`B#2 mb;2b Q7 2+? 7mM+iBQM ?2`2 #2+mb2 r2 T`QpB/2 M QMHBM2 /Q+mK2MiiBQM
»?iiTb,ff;Bi?m#X+QKf7KHQ@/2pf7K7HQr
Þ?iiTb,ff;Bi?m#X+QKf7KHQ@/2pf7K7HQrfrBFBf6J6Aha
ß?iiT,fft``vXTv/iXQ`;
R93
pBH#H2 i ?iiTb,ff7KHQ@/2pX;Bi?m#XBQf7K7HQr- M/ HbQ #2+mb2 6J6HQr Bb
#2i p2`bBQM i .2+ kyRd, q2 rBHH `2H2b2 bi#H2 p2`bBQMb b bQQM b TQbbB#H2 7i2`
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F2M QM 62#`m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"BH2v- aX UkyRkVX S`BM+BTH *QKTQM2Mi MHvbBb rBi? LQBbv M/fQ` JBbbBM;
.iX Sm#HB+iBQMb Q7 i?2 bi`QMQKB+H aQ+B2iv Q7 S+B}+- Rk9UNV- RyR8ĜX
"Bb?QT- *X JX UkyyeVX Sii2`M _2+Q;MBiBQM M/ J+?BM2 G2`MBM;X aT`BM;2`X
"HBM- X qX- aKBH- AX- ApBbQM- _X- EM2B#- CX@SX-  6`v2`- .X hX UkyykVX am#KBH@
HBK2i2` ;HtB2bX S?vbB+b _2TQ`ib- jeNUkV- RRR Ĝ RdeX
*mt- 1X- E?M2- *X- *bi2ib- X- *Qmi2Mb- X- *2++`2HHB- *X- "+KMM- X-
"Bbb+?QT- aX- "QiiBM2HHB- aX- *QKBiQ- *X- >2HKB+?- 6X SX- G2~Q+?- "X- S`Bb2- "X-
a+?BHF2- SX- hB2H2Mb- X :X :X JX- pM .Bb?Q2+F- 1X- obi2H- *X- qF2HK- oX- 
qHi2`b- X UkyRRVX hAJaaa, i?2 A_a RekNj@k9kk KBHHBK2i2` M/ bm#KBHHBK2@
i2` bT2+i`H bm`p2vX bi`QMQKv  bi`QT?vbB+b- 8jk- kjĜ9RX
*2`MB+?`Q- CX- qi2`b- GX "X 6X JX- .2+BM- GX- 1M+`2Mx- SX- hB2H2Mb- X :X :X JX-
;ȹM/2x- JX- .2 "2+F- 1X- JɃHH2`- >X aX SX- :QB+Q2+?2- CX _X- "`HQr- JX CX-
"2Mx- X- *`BKB2`- LX- .MB2H- 6X- .B :BQ`;BQ- X JX- 6B+?- JX- :B2`- hX- :`+ő@
G`BQ- SX- /2 EQi2`- X- E?Qm`B- hX- GBb2m- _X- GQK#2`i- _X- 1`B+FbQM- LX- S`/Q-
CX _X- S2`bQM- CX *X- a?BTKM- _X- aM+?2x *QMi`2`b- *X-  h2vbbB2`- .X UkyRyVX
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Mbb2M- _X JX CX- /2 oBbb2`- SX CX- EHTrBDF-
hX JX- "b2HKMb- CX CX X- 62``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F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b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+K *QKT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/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- aX- a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;2 8jjX /b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/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F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- LX- JBi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MQ- _X UkyRkVX .B;B@
i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+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 *QKT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v Q7 i?2 i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G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M/ b+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`vbXJBHHBK2i2` M/ am#KBHHBK2i2` .2i2+iQ`b M/ AMbi`mK2MiiBQM 7Q` bi`QMQKv
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G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b2/ Tvi?QM
DBi +QKTBH2`X AM S`Q+22/BM;b Q7 i?2 a2+QM/ qQ`Fb?QT QM i?2 GGoJ *QKTBH2`
AM7`bi`m+im`2 BM >S*- GGoJ ǶR8 UTTX d,RĜd,eVX L2r uQ`F- Lu- la, *JX
Gm`2Mi- :X hX- ;mB``2- CX 1X- :H2MM- CX- /2- SX X _X- "Q+F- CX CX- 1/;BM;@
iQM- aX 6X- :QH/BM- X- :QHrH- aX _X- >B;- .X- GM;2- X 1X- JHQM2v- SX _X-
JmbFQT7- SX .X- L;mv2M- >X- _QbbBMQi- SX- av2`b- CX-  aiQp2`- SX Ukyy8VX h?2
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H CQm`M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J2Mi2M- EX JX- _2B/- JX CX- 6Q`#`B+?- CX-  "`mMi?H2`- X UkyydVX h?2 /BbiM+2
iQ i?2 P`BQM L2#mHX bi`QMQKv  bi`QT?vbB+b- 9d9UkV- 8R8Ĝ8kyX
JBMKB/MB- hX- LBb?BKm`- X- JBvKQiQ- uX- EM2FQ- >X- Arb?Bi- >X-
JBvxr- *X- LBb?BiMB- >X- q/- hX- 6mDBB- uX- hF?b?B- hX- ABxmF- uX-
P;r- >X- EBKm`- EX- EQxmFB- uX- >b2;r- uX- JibmQ- JX- 6mDBi- aX-
P?b?B- aX- JQ`QFmK@JibmB- EX- J2Fr- CX- Jm`QF- EX- LFDBK- hX-
lK2KQiQ- hX- aQ`B- EX- LFKm`- 6X- EmMQ- LX-  aBiQ- JX UkyReVX .2p2H@
QTK2Mi Q7 i?2 M2r KmHiB@#2K Ryy :>x #M/ aAa `2+2Bp2` 6P_1ah 7Q` i?2
LQ#2vK 98@K h2H2b+QT2X AM qX aX >QHHM/  CX wKmB/xBMb U1/bXV- aSA1
bi`QMQKB+H h2H2b+QT2b Y AMbi`mK2MiiBQM UTTX NNR9RwĜRyVX, aSA1X
JBMF- hX SX UkyyRVX miQKiB+ +?QB+2 Q7 /BK2MbBQMHBiv 7Q` S*X /pM+2b BM
M2m`H BM7Q`KiBQM T`Q+2bbBM; bvbi2KbX
JBxmMQ- AX- EK2MQ- aX- EMQ- X- Em`QQ- JX- LFKm`- 6X- Er;m+?B- LX-
a?B#i- EX JX- EmDB- aX-  EmMQ- LX UkyR9VX aQ7ir`2 SQH`BxiBQM aT2+i`QK2i2`
ǴSQH`BaǴX CQm`MH Q7 bi`QMQKB+H AMbi`mK2MiiBQM- yjUyjMy9V- R98yyRyĜReX
JQ`Bi- EX AX- LFB- JX- hF?b?B- hX- JBvxr- EX- P?Bb?B- JX- hbmibmKB-
hX- hFFmr- aX- P?i- >X-  uM;Bbr- EX UkyyjVX *PaJPa@j, h?2 h?B`/
:2M2`iBQM h2H2b+QT2 *QMi`QH aQ7ir`2 avbi2K Q7 LQ#2vK _/BQ P#b2`piQ`vX
bi`QMQKB+H .i MHvbBb aQ7ir`2 M/ avbi2Kb sAA aS *QM72`2M+2 a2`B2b-
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LFB- LX- hbm#QB- JX-  6mFmB- uX UkyyNVX _/BQ bi`QMQKvX LmK#2` Re BM
JQ/2`M bi`QMQKv a2`B2bX LBTTQM >vQ`QM a?X
LFDBK- hX- EBKm`- EX- LBb?BKm`- X- Arb?Bi- >X- JBvxr- *X- aFB- hX-
AQMQ- .X- EQ?MQ- EX- Er#2- _X- EmMQ- LX- P;r- >X- bvK- aX- hKm`-
hX-  LQ;m+?B- hX UkyRjVX  L2r Ryy@:>x "M/ hrQ@"2K aB/2#M/@a2T`iBM;
aAa _2+2Bp2` 7Q` w@J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